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Abstract

A comprehensive assessment of the oxide grown on Incoloy alloy 800 has enhanced the
understanding of the oxide film’s composition and growth, specifically for application as
a protective pre-treatment. Surface morphology, chemical composition, oxide film
thicknesses and kinetics have all been studied using, principally, X-ray Photoelectron
Spectroscopy (XPS) and Time o f Flight Secondary Ion Mass Spectrometry (ToF-SIMS).
Gas-phase oxidations were performed at temperatures of 300°C in atmospheres of 1% O2
at 1 atm for up to 24h. All samples displayed similar oxidation behaviour over the
exposure period. A multi-layered oxide film was detected and was composed primarily
of an exterior y-Fe20_3 with a small Cr2 0 3 layer at the oxide-metal interface. Small
additions of NiCr 2C>4 and NiFe 2 C>4 were distributed throughout the film. Direct
logarithmic kinetics were observed and were indicative of an oxide film that was selflimiting in its growth at the experimental temperatures. The influence of grain size and
minor cold work, in the form o f localized indentation, on the oxide film formed on
Incoloy 800 has been studied.

Keywords: Incoloy alloy 800,1800, gas-phase oxidation, oxidation pre-treatment, oxide
film, cold work, X-ray Photoelectron Spectroscopy (XPS), Time of Flight Secondary Ion
Mass Spectrometry (ToF-SIMS), Surface profilometry, Raman spectroscopy, Scanning
Electron Microscopy (SEM).
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Chapter 1
Introduction

l

2

Chapter 1 - Introduction

With the advent o f the gas turbine engine during the years of World War II came the need
for stronger, more durable metal alloys capable of high-temperature application. These
developments were the result of improved methods of hot-working and careful selection
of the optimum additions o f aluminum, titanium, and other constituents, principally
cobalt and molybdenum [1-3]. Leading the charge was the International Nickel Company
(Inco) with major new alloys in every decade. Inventors were at work at Inco’s U.S.
research laboratories developing their unique answers to meet the need for more
advanced superalloys. Incoloy alloy 800, a workhorse thermal processing alloy, was
introduced in 1949 [1,3].

1.1 Metal/Alloy Microstructure

Atomic bonding in metals is non-directional in nature. Consequently, there are no
restrictions as to the number and position o f nearest-neighbour atoms; this leads to
relatively large numbers of nearest neighbours and dense atomic packings for most
metallic crystal structures. Three relatively simple crystal structures are found for most
o f the common metals: face-centred cubic (FCC), body-centred cubic (BCC) and
hexagonal close-packed (HCP).
For a crystalline solid, when the periodic and repeated arrangements of atoms is perfect
or extends throughout the entirety of the specimen without interruption, the result is a

3

Two grains
of different
orientation

Figure 1-1: Schematic diagram of a polycrystalline material. Each region exhibits a
different crystallographic orientation. Individual metal grains and grain boundaries are
indicated.

single crystal. This phenomenon is very rare for alloys. Most crystalline solids are
composed of a collection of many small crystals or grains. Such materials are termed
polycrystalline. Figure 1-1 displays a schematic diagram of a polycrystalline material.
Due to a variability of crystallographic orientations from grain to grain, there exists some
atomic mismatch or discontinuity within the region where two grains meet. This
defective area is called a grain boundary. There is an interfacial or grain boundary energy
associated with these defective sites. The magnitude of this energy is a function of the
degree of misorientation, being the largest for high-angle grain boundaries. Despite a
disordered arrangement of atoms and lack of regular bonding along grain boundaries, a
polycrystalline metal is still very strong. Further, increasing the number of grains (while
decreasing their size) can actually improve the compressive hardness of a material.
Additionally, impurity atoms often preferentially segregate along these boundaries
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because o f their high energy state. These impurity atoms can often congregate to form
defects called inclusions within the bulk o f the grains as well as in grain boundaries.
Non-metallic inclusions occurring in processed metals are chemical compounds of metals
(Fe, Mn, Al, Si, Ca) with non-metals (O, S, C, H, N). Non-metallic inclusions form
separate phases that are generally segregated from the metal grains. Common forms of
inclusions are oxides, nitrides and carbides. Carburization is a corrosion process
affecting steels and high-temperature alloys, mostly at temperatures of >900 °C.
Introduction of excess carbon can lead to the precipitation of carbides in stainless steels,
o f the form M23 C6 and M 7 C3 (M = Cr, Fe, Ni), with Cr as the main metal component.
This precipitation can cause embrittlement, but conversely, can increase the hardness of
the material. Carbides o f Fe and Cr within a solid solution can be unstable under certain
conditions and will decompose into their precursor materials (Fe metal and C) at high
temperatures [2,4-6].

1.2 Incoloy 800 Background and Experimental Motivations

Incoloy alloy 800 (1800) is an austenitic alloy invented by Inco (now a subsidiary of the
Special Metals Corporation group of companies) with a general composition: 30 - 35 %
nickel (Ni), a minimum o f 39.5% iron (Fe), 19-23% chromium (Cr), a maximum of 0.1%
carbon (C), 0.15-0.60 aluminum (Al), and 0.15-0.60 titanium (Ti) [2,6,8]. An austenitic
alloy is a metallic solid solution of an FCC arrangement of iron and an alloying metal.
Other variants o f the alloy occur with differing mechanical treatments and concentrations
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of carbon, aluminum and titanium include 800H (high temperature annealed to reduce
grain size), 800HT (higher Ti-content version of 800H) and 800LC (low carbon content).
Nickel was considered a ‘strategic’ metal at the time o f engineering in the 1950’s, hence
Incoloy 800 was originally developed as a less expensive alternative to the nickel-rich
family of alloys and was to be used to meet the severe service conditions that were
prescribed for certain industry requirements. Incoloy 800 is now the preferred material
for high-temperature applications and has been used in the food-processing industry as
well as in chemical and petrochemical facilities in heat exchangers, furnace components
and equipment, piping systems and pyrolysis tubes [6,7]. More recently Incoloy 800 has
been used as the replacement for other austenitic alloys, Inconel 600 (NDP and Bruce)
and Monel 400 (Douglas Point), in the nuclear steam generator components o f some
CANDU power plant reactors within Canada in order to extend their service lives. The
CANDU 6 and Darlington stations, as well as some of the European nuclear community,
have had some success employing 1800 [1], This evolution in steam generator tubing
from Monel (M400) to Inconel (1600 and 690) to Incoloy variants was done largely to
reduce the release of oxide exfoliants to the coolant. One of the reasons for this was to
reduce the release of cobalt; the allowable cobalt concentration in these alloys was set at
150 mg/kg [1], The cobalt was released as a corrosion product from primary circuit
surfaces. Cobalt-59 is activated in the reactor core and then emits hard gamma rays over
a long period [1], Due to their high corrosive resistance and and slow deformation to
applied stress (creep) the 800 family of alloys have enjoyed widespread use since they
were first engineered [1,3,6-8].

Incoloy 800H and 800HT are austenitic FCC interstitial and substitutional solid-solution
alloys. Titanium nitrides, titanium carbides and chromium carbides often appear in the
alloy microstructure [2,3,6]. The presence o f carbon results in high-temperature strength
and resistance to creep and rupture by occupying interstitial spaces, thus strengthening
the crystal. The chromium and nickel content promote the formation of a protective
surface oxide [1-4,6], In atmospheres that are highly oxidizing to chromium but less
oxidizing or reducing to nickel, internal oxidation can occur [1-4,6], This can lead to
severe embrittlement due to extensive oxidation of chromium; large additions of iron
decrease this susceptibility [2], It is this resistance to mechanical and oxidative wear that
make 1800 an excellent candidate as future replacement material for nuclear steam
generators and their constituents.

1.3 Formation of Oxide Films

A general mechanism of low temperature oxide film formation will be presented,
followed by an examination o f oxide films that form on Incoloy 800 as a result of gasphase oxidation of the alloy. A comparison of analogous alloy composition and their
oxide films will also be presented.

1.3.1 General

Eley and Wilkinson [9] describe the initiation of a thin oxide film by a process called
place exchange , see Figure 1-2. This process involves the interchange of two ions over a
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spacing o f a few Angstroms, particularly in non-crystalline structures. It has been
suggested that the rearrangement o f a whole chain of atoms can take place
simultaneously. Oxygen molecules dissociate on the surface and provide the basis for
place exchange with metal. Additionally, the model of Cabrera and Mott [10] for thin
oxide film formation on metals will also be discussed in this section. The basis of the
model is the quantum mechanical concept o f electron tunneling. An electron can
penetrate an energy barrier without the requirement for thermal activation. As soon as a
three dimensional oxide forms on a metal, electrons tunneling through the oxide are
captured by adsorbed oxygen on the surface of the oxide. A charge separation,
demonstrated in Figure 1-3, is then established between the oxide surface and the metal
creates an electric field across the oxide.
Ion movement into and through an oxide is required for the film to grow thicker, and
requires an activation of 1 eV or greater. At high temperatures, thermal energy is enough
to overcome

O O O M O O O

Figure 1-2: A schematic diagram of Eley and Wilkinson’s model for initiation o f a thin
oxide film under low temperature conditions via a place exchange mechanism.
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Figure 1-3: A schematic diagram of Cabrera and M ott’s model for growth of thin oxide
films under low temperature initiated by a charge separation between the oxide surface
and the metal and facilitated by electron tunneling.
this energy barrier thus promoting the movement of ions from site to site within the oxide
lattice. At lower temperatures this is not the case, although the electric field across the
oxide lowers the activation energy for ion transport through the oxide permitting further
oxide growth. The process at lower temperatures is self limiting, in that oxide film
growth is limited by oxide thickness. The amount of charge is fixed so that the voltage
across the film is relatively constant. The field across the oxide decreases as the oxide
thickens. At a critical thickness, the oxide will ultimately stop growing because the
reduction of the activation energy by the field is not enough to allow for ion transport.
The rate of oxide growth according to the Cabrera-Mott expression is explained by:

dx
dt

= NQv exp( -

W - qaE

)

kT

}

Equation 1-1 [10]

where x is the oxide thickness, t the time, N the number of mobile ions, Q. the oxide
volume per mobile ion, v the atomic vibration frequency, W the energy barrier to ion
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movement into the oxide, qa the ionic charge, E the electric field, k the Boltzmann’s
constant, and T the temperature.
Once the ion enters the oxide, it is assumed that it will easily pass to the other side where
the reaction occurs. The self limiting property of film growth produces various forms of
logarithmic growth. In principle, growth at low temperatures is limited by both the
electron and ion penetration. However, logarithmic growth is not observed for the
growth o f the first two or three layers of oxide. In the early stages of oxide film
formation the growth rate is frequently linear.

The entry o f ions into the growing oxide occurs at two locations, at the metal-oxide
interface for cations (metal ions) and at the oxide-gas interface for anions (oxygen ions).
At each interface, the reaction constituent is soluble in the oxide in the form of interstitial
metal, vacancies or some other point defect. In the case of cation movement, the
properties of the metal affect the rate of oxide growth. Such characteristics as crystal
orientation, defects and impurities are important. Cation loss from a surface occurs
preferentially from defect sites so metal surface roughness plays a major role.
Additionally, grain boundaries (regions o f high defects) serve as sinks for impurities and
are often a region of fast oxidation. Grain boundaries also provide paths for easy ion
movement and hence more rapid oxide growth. As a result, polycrystalline surfaces can
develop an uneven polycrystalline oxide layer. Conversely, when examining the
movement o f anions into and through an oxide film, gas pressure and the presence o f
moisture become more significant and can influence diffusion.
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1.3.2 Incoloy 800 Gas-Phase Oxidation Literature Review

Alloys are selected for the nuclear industry based on their capability of establishing a rehealing (protective) scale under corrosive conditions. The growth o f a chromium oxide
rich film during pre-treatment of alloys would be an effective and relatively inexpensive
means o f inducing oxidation protection to the surface. The ability of an alloy to form a
protective oxide layer has been considered an important key to evaluate its resistance to
corrosion and further oxidation. Austenitic alloys owe their high corrosion resistance at
ambient temperatures to the formation of a thin passive oxide layer [10-12]. Typical
features of the film include a high chromium content, a non-crystalline structure with
increasing Cr content and thicknesses in the nanometer range [13-20]. In general, high
temperature oxidation, be it solution or gas phase, often yields a two-layer oxide film
with an inner layer consisting primarily o f chromium oxide [13-20]. The nickel to iron
ratio in these alloys also plays an important role in oxidation kinetics and preventing
internal oxidation [13-20].

Oxidation at high temperatures results in different kinetics

and film composition.

Gas phase oxidation of Incoloy 800 at lower temperatures has been studied very little as
compared to high temperature oxidation o f 1800 around the annealing temperatures of the
alloy. Low temperature oxidation presents the unique opportunity to study oxide films
grown as a protective pre-treatment rather than simulating the most demanding industrial
conditions. Langevoort et al [13] reported oxide films formed at relatively low
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temperatures (400-500°C) as consisting of primarily Fe2 0 3 or Fe304 on the exterior with
a CT2O 3 interior, as determined by X-ray Photoelectron Spectroscopy (XPS). More
importantly, Langevoort et al demonstrated that with increasing temperature, films grown
on 1800 shifted in composition, where chromium became more segregated to the surface
o f the film. This produced films having greater &2O3 composition relative to the iron
constituents [13]. This was speculated as being the result of chromium reducing the iron
oxide exterior, given sufficient time, as it diffused outward. Additionally, Langevoort
established that cold rolled material overwhelmingly produced a mixture of Fe 2Û3 and
Fe 3C>4 where undeformed material evolved oxide films whose iron oxide component
consisted primarily of FeO [13]. Further kinetic studies by Langevoort using
spectroscopic ellipsometry and Auger spectroscopy discovered that the initial oxidation
behaviour of Incoloy 800 is governed by a temperature independent incorporation of
oxygen atoms in the first 3 monolayers of the alloy surface via a place exchange
mechanism [14]. The mechanism by which the oxidation proceeds is a field-assisted
cation movement. The electric field, built up as a consequence of electron transfer from
the metal atoms to the oxygen, remained constant during the oxidation process. The
apparent activation energy for the ion movement was approximately 100 kJ/mol.
Kinetics were described as logarithmic for temperatures > 570 K [14].

The high temperature oxidation studied below presents temperatures that would be more
similar to operating conditions for applications o f Incoloy 800 in industry. Oxidation at
temperatures between 600 and 800°C in 1800 still yielded a two-layer oxide film of iron
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and chromium oxide, respectively. Koshlelev et al demonstrated, using grazing emission
X-ray fluorescence (GEXRF), films consisting of Fe2C>3 and CT2 O3 with very minor
FeCr 2C>4 and NiO after oxidation at 750°C for approximately 16 hours [15]. Nickel
concentration was consistently low within the film while iron concentrations were
initially high but showed systematic decrease with oxidation time. This was indicated as
being a result o f Fe3+ being reduced as the oxidation proceeded [15]. Al-Meshari et al,
using X-ray diffraction (XRD), detected oxide films on 1800 consisting of Fe 3 0 4 , CnCE,
with minor NiFe204, NiO, and non-stoichiometric mixtures of (CrFe ) 2 0 3 and (NiFe) 3 0 4
[16]. Quaternary oxides o f NiCrFe 0 4 were detected in very small concentrations. AlMeshari employed much longer oxidation lengths, approaching 1000 hours of exposure,
and slightly higher temperatures (650-750°C) [16]. Although, with increasing exposure
time, the oxide films produced were more continuous and adherent. At temperatures
around 650°C oxide layers were determined, by qualitative observations, to be uneven
and very thin in some sites. Rohnert et al, employing oxidation of the alloy at
temperatures o f approximately 620°C, produced films consisting primarily of & 2O3 with
contributions o f Fe 3C>4 and (FeCr) 3 0 4 as detected by Raman spectroscopy [17], Pre
polished samples of 1800 were oxidized for up to 48 hours [17].
By increasing temperatures to between 800 and 1000°C a two layer oxide film arises
where the outer layer is porous and uneven in thickness while the inner layer is dense and
uniform, consisting primarily of &2O3. Yamawaki et al grew films, approaching
oxidation temperatures of 1000°C, consisting primarily o f an interior CnCb oxide with a
minor outer oxide consisting of FeCr2 0 4 , NiCnCh, MnCr2C>4, spinels all detected using
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XRD [18]. This outer spinel component increased in concentration with increasing
oxidation [18]. Hussain et al showed that at approximately 1000°C, all specimens
formed oxide layers o f nearly uniform thickness [19]. The main mechanism o f oxidation
at higher temperatures is believed to be cation diffusion. This mechanism is supported by
the constant parabolic rate law observed as temperature is increased from 600°C to
1000°C [19]. Internal oxidation o f CnCb increased in depth with increasing exposure
and occurred mostly in grain boundary sites where chromium diffusion is faster [19].
Oxidation above 1200°C resulted in spalling and failure of the oxide scale. Walter et al
demonstrated similar results under similar conditions, in terms of oxide composition, but
determined that it was cooling stresses (and not oxide growth stress) applied to the oxide
scale that can potentially result in scale failure and spalling [20]. Chromia layers, as a
result o f their higher densities, could also reach critical thicknesses that are effected by
these cooling stresses. An overabunance of chromia within an oxide scale can provide
corrosion resistance, but can ultimately lead to scale failure. As a result, protective oxide
film compositions and thicknesses must be engineered appropriately. This is particularly
important in industrial systems that involve thermal cycling, such as within the nuclear
industry.

While it has been demonstrated that engineering of an appropriate protective oxide scale
on the surface o f Incoloy 800 can be achieved by varying P02 and oxidation temperatures
[13-21], alternate means have been attempted, specifically through the application of
stress prior to oxidation. Langevoort et al applied lateral stresses by elongating, or
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drawing, experimental coupons o f Incoloy 800 [22]. The resulting oxide film had better
oxidative resistance (in the form of greater Cr203 composition). It was determined that
this was a result o f the austenitic structure of Incoloy 800 being altered to a martensite
structure after stress was applied. The resultant structure provided for easier diffusion
pathways for chromium in the metal [22], A more aggressive technique, called shotpeening, was employed by Tan et al [23] in order to apply a large amount o f stress to the
surface o f the material prior to oxidation. Shot-peening involves bombarding a surface
with stainless steel balls. This technique was meant to impart characteristics such as a
reduction in grain size while increasing their frequency. A change in structure was also
seen as with Langevoort et al. The imparted addition of smaller grains to the surface
meant more grain boundaries and once again easier diffusion pathways for chromium in
the metal.
Another technique involves ion implantation prior to oxidation as a pre-treatment.
Polman et al implanted yttrium ions within 1800 which subsequently blocked major
diffusion pathways such as grain boundaries due to segregation within these sites [24],
As a result, oxide film growth was somewhat diminished at 500°C. The implantation of
Yttrium ions was also shown to provide resistance to sulphidation [24],

1.3.3 Other Alloy Analogues

A number of other common alloys are used by the nuclear industry for primary and
secondary circuits within pressurized water reactors and pressurized heavy water reactors.
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Table 1-1: A list of common alloys that are comparable in composition to Incoloy 800.
All analogues contain varying concentrations of Ni, Cr and Fe.
Alloy

Composition

Incoloy 800

31% Ni, 21% Cr, 46% Fe

Incoloy 825

40% Ni, 23% Cr, 31% Fe

Inconel 690

60% Ni, 30% Cr, 10% Fe

Inconel 600

77% Ni, 16% Cr, 7% Fe

* Compositions listed are approximate.

Most incorporate contributions of Ni and Cr to increase corrosion and oxidation
resistance. Fe contributions are necessary in order to prevent oxide scale failure due to
spalling o f a dense Cr oxide interior [3-5]. The major alloys used are Incoloy 825,
Inconel 690 and Inconel 600. Alloy compositions are presented in Table 1-1.

Inconel 600 (77% Ni, 16% Cr, 7% Fe) and Inconel 690 (60% Ni, 30% Cr, 10% Fe)
oxidized at temperatures around those o f this experiment (300°C) produce an oxide film
similar to 1800 [25-29]. On surfaces abraded prior to oxidation, the oxide film is
comprised of a thin outer iron-rich layer. This layer is approximately 90% Fe203 and
10% NiO. An interior of Cr203 is found. An intermediary region is sometimes identified
where there is a possibility of ternary oxides to be present. On highly polished surfaces,
the resultant oxide film has very low concentrations o f iron on the exterior, as it has been
demonstrated that surface abrasion can promote iron diffusion in some alloys [25],
At oxidation temperatures of 500°C, a rapid outward migration of chromium is seen.
This produces an oxide film that is mostly Cr203; very little NiO is present after the
initial oxidation. Any iron oxide growth on the surface is limited by thickness o f Cr2 0 3
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after 60 minutes of exposure [29]. Inconel 690 experiences negligible oxide film growth
rates around 600°C. Temperatures around 700°C produces a film that is composed of
Cr20 3 and C r0 2 [27,29],

Incoloy 825 (40% Ni, 23% Cr, 31% Fe) also produces a chromium-rich oxide film at high
temperatures [19,30]. Minor additions o f iron have been reported in the exterior of the
film at temperatures of approximately 500°C. Because of the high mole fraction of Cr in
the bulk alloy, the volume fraction of precipitated Cr20 3 exceeds the critical value
required for transition from internal oxidation to external oxidation, resulting in
formation o f a continuous, external scale during the early stages of oxidation [19,30].
Under prevalent exposure the observed continuous, external-oxide layer, extensive void
formation at the metal-scale interface, and internal oxidation demonstrate that the
oxidation mechanism changed with time. However, with the extensive void formation
and Cr depletion in the substrate near the metal-scale interface, metal diffusion is
impeded, and inward diffusion o f oxygen across the voids results in internal oxidation of
the less-noble alloy constituents. Increasing temperature and time increase the severity of
internal oxidation and void formation in 1825, thus reducing the true area of contact
between the oxide and alloy [19,30], Spalling of the oxide scale can result. Additionally,
due to additions o f Mo (approximately 3%), catastrophic oxidation can occur around
temperatures o f 1200°C [1, 30],
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1.4 Thesis Objectives

The extent o f corrosion resistance o f austenitic super-alloys used in industry is
determined primarily by the structure and chemical composition of the oxide film that
persists on the surface of the alloy. The overall aim of this research is to provide
information regarding the corrosion resistance o f materials in environments resembling
the operating conditions used in Canadian Deuterium Uranium (CANDU) Pressurized
Water Reactor (PWR) systems. These materials must be engineered to resist the high
temperatures and changing water chemistries that persist in the PWR systems;
mechanical failure and structural degradation o f any of these components can be costly to
remedy. Recently, unpublished industrial work has shown that exposure of the primary
side o f these tubes to oxygen during scheduled lay-up for inspection and maintenance has
resulted in excessive corrosion cracking and intragranular attack.

Specific thesis objectives were as follows:

1. Gas phase oxidation studies were undertaken in order to assess the effects o f material
grain size and localized strain on the oxide film composition and kinetics of growth on
Incoloy 800. Information on the composition of surface films formed during gasphase reactions contributed to the understanding of oxidation and corrosion o f that
alloy under aqueous conditions. Oxide films formed under gas-phase conditions are
produced via solid state diffusion while those formed under aqueous conditions are the
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product o f both solid state and solution transport processes. It is important to conduct
experiments under gas-phase conditions in order to differentiate the roles o f solution
transport from solid state diffusion in the corrosion process under aqueous conditions.

2. The combined use o f XPS and ToF-SIMS as complementary techniques for the
analysis o f gas-phase formed thin oxide films was assessed. There are no studies, to
date, that involve the complementary use o f XPS and ToF-SIMS in order to examine
the gas-phase evolution of oxide films on 1800. Additionally, a new method of oxide
speciation via XPS spectral subtraction was assessed.

3. An examination of the oxide films composition and thickness formed under low
temperature oxidation, as it relates to protectiveness, will be presented. Effective pre
treatments, specifically in the form o f thin oxide films, can beneficially enhance an
alloys corrosion resistance.
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Chapter 2 - Experimental

2.1 Instrumentation

Analysis of oxide films grown on 1800 required an understanding of both the oxide
chemistry and the distribution of each oxide phase within the film. Techniques that
provided conclusive chemical and physical data over the depth of the film were required.
Primary techniques used were X-Ray Photoelectron Spectroscopy (XPS) and Time of
Flight Secondary Ion Mass Spectrometry (ToF-SIMS). While these two techniques are
commonly used during the analysis of transition metal oxides and their films [1-5], they
have seldom been used jointly as complementary techniques during the analysis of
transition metal oxide films on Incoloy 800. Raman Spectroscopy was also used to
complement and confirm chemical state information obtained through XPS. Scanning
Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM-EDX) was also
used for pre-experimental analysis and for qualitative examination of the oxide film.

2.1.1. XPS

X-ray Photoelectron Spectroscopy (XPS) was selected as a primary technique because of
its unique ability to discriminate chemical and electronic states o f solid materials. As its
name implies, XPS uses X-rays to excite both valence and core-level photoelectrons of
characteristic energies from solid state materials, which provide information on the nature
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o f chemical bonding within a sample. XPS is a surface sensitive technique because the
photoelectrons that are generated have low kinetic energies (< 1000 eV). Thus, only
those that are produced near the surface o f a material escape to be detected.

2.1.1.1 Principles

X-Ray Photoelectron Spectroscopy (XPS), also known as ESCA (Electron Spectroscopy
for Chemical Analysis), provides elemental and chemical information from the surface
and near-surface regions o f a solid state material. The principle of XPS is based on the
fundamental photoelectric effect (See Figure 2-1). X-ray photons o f relatively low
energy penetrate the surface of a sample being analyzed. These photons excite electrons,
both core and valence level, within individual atoms. Given sufficient energy,
photoelectrons are ejected from the sample and collected by electron optics and
subsequently, their kinetic energies (KE) are measured by an analyzer.
0

p h o to d eetro ti

in/

Figure 2-1: X-ray photons (hv) penetrate the surface of a sample and excite a core level
(Is) electron with sufficient energy to produce a photoelectron that is ejected into the
vacuum.
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A simple equation is then used to determine the binding energy (BE) of electrons from
specific core or valence levels using the KE:
K.E = hv - BE - (pspcctrometer

Equation 2- l

Where hv represents the known energy o f the incident photon and ^spectrometer is the work
function of the spectrometer. The binding energy of a particular electron shell is
characteristic of the specific elements (due to a difference in nuclear charge) and is also
influenced by the oxidation state and type o f bonding between atoms.

2.1.1.2 Analysis Depth and Angle-Resolved Spectra

Photoelectrons originate from different depths within the sample and may contribute
more or less to the core level peak intensity. Only photoelectrons without energy loss
will appear in the core level peaks within the spectrum. Photoelectrons with depth (d)
have a certain probability reaching this distance d without reducing their kinetic energies.
The probability is described by:
Is

= Io<^>

Equation 2-2

where Is are electrons from the total electrons (Io) originating in depth d that can reach
vacuum level without losing their kinetic energy. X represents the inelastic mean free
path (IMFP) of the electron or the average distance it will travel without being
inelastically scattered. Based on typical kinetic energies of 60 to 1200 eV, the IMFP can
have values from ~ 0 .5 nm to -3.5 nm. Although using practical data it can be shown
that a measurable signal can be obtained from a depth o f - 3 X at the zero polar angle,
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this limitation in the depth o f analysis can be potentially constraining if films thicker than
10 nm are formed on the surface of the sample and a requirement for depth profiling
using a sputter source arises.

Angle-resolved XPS is one o f the primary means for defining the depth distribution of
species present in XPS spectra. By adjusting the angle of the incident x-ray source by
tilting the sample it becomes possible to make the spectra more or less sensitive to the
outside atomic layers of the sample. In the case of this experiment, it becomes necessary
to determine the relative depth positioning of the oxide species that have been identified
by XPS. However, overall precision and depth resolution can be sacrificed. Typical
precision of 2 to 3%, in careful work, is observed thus limiting any quantification or fine
detail that can be recovered from angle-resolved data [6]. X is characteristic of specific
materials and can effect depth information obtained from angle-resolved spectra.
Variability between the IMFP o f different materials found within an oxide film can
present incorrect relative depths. It becomes necessary to apply prior knowledge about
the likely structure o f the sample through other instrumental analysis, primarily ToFSIMS. In the case of 1800, most of the primary component’s expected oxides have
similar IMFP values.
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2.1.1.3 Analysis, Detection and Charge Neutralization

Ejected photoelectrons first enter optics where they are focussed and where their energy
is retarded by a controlled potential (pass energy) prior to passing into a concentric
hemispherical analyzer (CHA). Electrons that are counted at the image slit o f the CHA
can be resolved in energy at 0.0001% of the original value. The transmission function is
the detection efficiency of the electron energy analyzer and this is a function of electron
kinetic energy. The transmission function depends on several characteristics of the
electron energy analyzer, including the CHA radius and the pass energy. CHA radius also
affects the resolution abilities of the detector. The larger the radius of the CHA, the
greater the ability to resolve high energy core level electrons. The pass energy also
affects the electron energy resolution, but also lowers the signal to noise ratio while
collecting higher resolution spectra. The pass energy parameter produces a fixed
resolution across the entire spectrum, thus quantification of peak areas becomes possible.
Core level peak areas and peak full-width half maximums (FWHMs) can be used in
certain cases to determine relative concentrations of elements/compounds within a
sample. Relative concentration, Ni, is calculated by:
Ii = NiOi^K

Equation 2-3

where Ii is the intensity of a peak, a; is the photoelectron cross-section (Scofield factor;
the intensity of the transitions throughout the periodic table for a given photon energy,
relative to the C Is transition), h is the IMFP and K as the constant for all other factors
related to quantitative detection of a signal. The charge neutralizer serves to deliver
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electrons to the surface in order to compensate the positive charge build-up that can
develop on electrically insulating surfaces (such as oxides). Despite the use of a charge
neutralizer, it is often necessary to calibrate the binding energy scale o f a spectrum due to
small uncompensated charging effects (a shift in BEs). Calibration involves the use of
adventitious carbon contaminants (from sample air exposure) as a reference (BE 284.8 ±
0.1 eV). Additionally, the work function o f the spectrometer is calibrated regularly using
the Au 4f//2 peak position for solid gold. Less frequently, the energy dispersion of the
spectrometer needs to be calibrated using two photoelectron lines of quite different
energy.

2.1.1.4 Chemical Shift and Multiplet Splitting

Chemical shift information is a very powerful tool for functional group, chemical
environment and oxidation state identification. Differences exist between the initial and
final state of an atom when a core level electron is excited by an X-ray. These differences are
due to the potential field in which an atom is found; this results in electrons ejected from the
same element emerging with kinetic energy characteristic of the chemical state in which the
element exists. A qualitative explanation of the chemical shift in atomic core electron
binding energies is provided by the charged sphere model. If the valence orbitals are
assumed to be a rigid charged sphere of radius r and q electronic charges are moved from the
valence orbital to infinity, the decrease in potential energy of the inner electrons is given by:

AE = q / r

Equation 2-4
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The binding energy will then be increased by the same amount. A good example of this
phenomena is the shielding effect which produces a proportionate shift in binding energy. In
terms of an XPS spectrum, the increase in counts as a function of kinetic energy associated
with the excitation of a core level electron for a compound appears as a conglomeration of
peaks rather than a single peak. As seen in Figure 2-3, these chemically shifted peaks offer
information about the nature of the bonding and the oxidation state of the atom. Moreover,
variations within individual core level peaks can take place.

Multiplet splitting of core level peaks is a final state effect and can occur as a result of
interactions between unpaired core electrons and unpaired electrons in the valence levels.
Interactions between unpaired electrons of parallel spins results in a lower energy than that of
the exchange interactions between anti-parallel spins of core level electrons and valence
electrons. Multiplet splitting can manifest itself in the form of doublets (for s levels) within
core level peaks. Multiplet splitting measurements are useful as they can complement the
chemical shift, oxidation state and bonding of the element being analyzed. Multiplet splitting
is particularly prevalent in first row transition elements. Its intensity distribution is
characteristic of a particular compound. Additionally, certain surface attributed multiplet
peaks can allude to surface conditions of a sample being analyzed.
Sometimes the splitting can be modeled, ab initio, using a free ion of a particular element
(Hartree-Fock method). The calculated multiplet peaks can then be fit within the envelope of
a core level peak and used to distinguish compounds, as seen in Figure 2-3 for y-Fe203.
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Figure 2-2: An example of multiplet splitting interaction in Fe3+ when a photoelectron is
ejected. The photoelectron will interact with unpaired electrons in the 3d. The energy of
the interaction depends upon the spin o f the photoelectron relative to the unpaired valence
electrons.
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Figure 2-3: Calculated Gupta-Sen multiplets fit within the 2p3/2 (background subtracted)
o f y-Fe 2 C>3 by Grosvenor et al [4] (Left). An example o f chemical shift between in the Ti
2p for Ti metal and TiC>2 (Right).
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Alternately, empirically fit multiplet peaks may be used (in conjunction with a standard) to
fit core level peaks of an unknown sample compound.
Chemical shift and multiplet splitting become powerful tools in determining the presence of
various transition metal oxide species within this study. Without these phenomena it would
be difficult to distinguish between two different oxides of the same transition metal.

2.1.1.5 X-Ray Sources

The fundamental requirement for the anode material is the capability to produce photons
with a high enough energy to excite core level electrons for all chemical elements. A
narrow spectral width o f x-ray line is also a requirement. The narrow spectral width of
the X-ray lines is necessary for high-resolution spectra and subsequent detection o f
chemical state information. These two requirements are met by the monochromated A1
K-a x-ray source used in this experiment. A1 K-a has a high energy of 1486.6 eV with a
width of 0.3 eV or less. Use o f a higher energy X-ray source, such as Zr L-a can
sometimes be useful to cause shifts in Auger peaks that can interfere with detection of
some photoelectron peaks.

2.1.1.6 Experiment Instrumental Parameters

All 1800 coupons were analyzed using a Kratos Axis Ultra XPS Spectrometer employing
a monochromatic A1 K a (1486.7 eV) X-ray source. The work function of the instrument
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was corrected to 83.95 eV Au im. All XPS survey spectra were collected using a pass
energy of 160 eV over an energy range of 1100 - 0 eV (A1 K a), step size of 0.7 eV and a
sweep time o f 180s. High-resolution spectra of the Ni 2p, Fe 2p, Cr 2p, O ls , and C Is
envelopes were recorded at pass energy o f 20 eV over energy windows ranging between
20-40 eV, depending on the element being analyzed. A Shirley-type background [7] was
employed to define peak areas to be measured. Multiple areas, either adjacent or away
from the indents, within each coupon were analyzed.

Analysis by XPS was done to identify chemically the presence o f oxide species within
the film grown. All spectra were first analyzed and prepared using the CasaXPS software
[8], CasaXPS is a program which enables users to conduct peak analysis and fitting, both
of high resolution and survey spectra. Surface charging was investigated by examining
the C Is peak that is associated with adventitious carbon on the sample surface. Peak
shifts due to surface charging were negligible, all C Is peak centroids were found at
284.8 ± 0.2 eV, the accepted standard for the mean peak within the C Is and overall
calibration of all other spectra, therefore no charge correction procedure was utilized.
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2.1.2. ToF-SIMS

Time o f Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) was selected as a primary
technique because it is one o f the most sensitive surface techniques and due to a high
spatial resolution (typically 100-0.1 parts per million in a matrix of 1021 atoms/cm3).
SIMS detection limits SIMS range from 1012 to 1016 atoms/cm3. SIMS also interrogates
comparatively small areas on the order o f tens of microns. SIMS is a technique where
energetic primary ions are used to bombard a solid state surface producing a collision
cascade and subsequent ejection of secondary ions from the elements/compounds present.
An ability to provide spectral depth analysis was of particular benefit.

2.1.2.1 Principles and Operational Modes

The basic principle of SIMS involves the sputtering process, or ejection o f secondary
ions, molecular groupings of ions, or neutral atoms after bombardment of a surface by
energetic primary ions (Figure 2-4). This sputtering process is expressed by the
sputtering yield of secondary ions, the average number of ions emitted per single incident
primary ion, and sputter yield, the average number o f sputtered particles (including
neutrals) per incident ion. The secondary ion yield can be determined from the following
equation:

Im = Ipyma©mr|

Equation 2-5

Imis the secondary ion yield for compound m, Ip is the primary ion beam current, ymis
the sputter yield for m (this is proportionate to the strength o f bonding between the
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Figure 2-4: Depiction of the SIMS process; an incident primary ion beam bombards the
sample surface producing a collision cascade and ejection of secondary ions, neutral
particles and molecular clusters (Left). Production of molecular ions occurs either
through the recombination o f adjacent secondary ions or through direct ejection/
ionization from the surface (Right).

ionizable material and bulk material), a represents the ionization probability, 0 m is the
concentration o f m on the surface, and lastly r\ is the transition efficiency of the
instrument.
Aside from the obvious secondary ions and neutral particles ejected from the surface
there are molecular or polyatomic ions (See Figure 2-4). These polyatomic ions are
formed either through recombination o f secondary ions post-ejection or through direct
ionization from the surface of the material. It is this issue of recombination that can
produce an ambiguity with respect to the actual presence of a chemical compound simply
by identifying a single characteristic molecular ion within a mass spectrum.
Analysis of incoming secondary ions is achieved by the Time of Flight (ToF)
Spectrometer. Ions are accelerated towards the detector converting their potential energy
to kinetic energy. Thus ions with different masses will travel with different velocities
while reaching the detector. The time required to travel the distance to the detector is
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related to the ions’ velocity and accordingly, their mass/charge ratio. Lighter ions will
essentially reach the detector first.
SIMS instruments are grouped into one o f two categories: static or dynamic. The
classification o f SIMS as either being static or dynamic is dependent upon the amount of
surface area that is bombarded with primary ions, as well as the yield of secondary ions
from the surface being analyzed. With Static SIMS each subsequent primary ion hits an
undamaged area and total of only 0.1-1% of the atomic sites are bombarded during the
measurement. To ensure this very low primary current densities are used generally in the
range o f 10_,° - 10-9 A/cm2 (primary ion dose is below 1012 - 1013 ions/cm2) [9].
Analysis o f single monolayers is achievable under these conditions. For this reason
Static SIMS is considered to be relatively non-destructive to the surface being analyzed.
Contrasting this, dynamic SIMS employs bulk analysis. Dynamic SIMS involves
sputtering, or removing via ionization, large amounts of material from the surface. Depth
analysis is achievable under these conditions but its use in surface analysis is limited due
to the damage sustained by the surface.

2.1.2.2 SIMS Data and Functions

SIMS data is highly functional due to the versatility of the base spectra that can be
obtained. Collection o f SIMS spectra provide ion yield information as a function of mass
of captured ions and molecular ions. Unfortunately this data alone was not particularly
useful for the purposes o f this experimentation due to inherent ambiguities with respect to
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actual oxide species present on the surface being analyzed. For example, the presence of
the FeO' molecular ion does not necessarily indicate the presence of the FeO species on
the surface being analyzed. Plog et al [10] attempted to use an empirical formula of the
molecular ion intensity ratios o f various transition metal oxide standards as a means of
identifying unknown oxide species being analyzed. This was attempted during the course
of this study but with limited success (See Appendix section). Spectra, alone, are also
limited in that they provide average mass intensities over the entire surface being
analyzed.
Spectral imaging o f the surface being analyzed is useful when localized structures and
effects need to be investigated. Spectral imaging essentially provides spectrum data for
the entire area being analyzed but in a visual form. Rather than averaging an intensity
(ion yield) for a particular mass selected from the spectrum o f the entire analysis area,
spectral imaging provides spatial intensity data for the latter mass over the entire area
analyzed in the form of a two-dimensional image. This is done by rastering, or scanning,
a highly focused ion beam over the entire analysis area. As such, spectral images can
display localized intensity within the raster area. This feature was useful when
investigating structures such as grain boundaries or inclusions within the alloy
microstructure. Conversely, spectral images allow for selection of smaller raster sizes for
basic analysis o f spectra. Spectra o f individual surface features can be obtained by
constraining the raster area around them; rather than obtaining the aforementioned
averaged spectrum for the entire analysis area.
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The last function, profiling, involves the use o f dynamic SIMS and was one o f the most
important for the purposes o f this study. Profiling of a material can be useful in
determining composition as a function of depth. Profiling of a surface involves the use of
both an analysis primary ion beam and a sputtering primary ion beam. The surface is
sputtered carefully followed by bombardment using the analysis beam. These iterations
continue throughout the bulk of the material. Specific mass peaks from the basic
averaged spectrum can be monitored as a function o f sputter time (or depth if calibrated).
Application of spectral images, aligned in the XZ plane, can be useful to visualize spatial
distribution of specific ions as a function of depth. Additionally, raster areas can be
constrained to provide profile data for localized structures.

2.1.2.3 Chemistry of the Beam

The choice of ion species or ion gun depends upon a few factors such as the required
analysis dimensions on the sample, the required current (continuous or pulsed) or whether
the experiment calls for use o f static or dyamic-type SIMS. Ultimately, the chemistry of
the ion beam, as well as other factors already described, can increase or decrease
secondary ion yields. Examples of various sources include Ar+, 0~IOi+, or C6o+ (electron
ionization); Cs+ (surface ionization); and Ga+, Bi+/Bi3+ (liquid metal ionization). For the
purposes o f this experiment, the primary sputter ion used was Cs+ as it provides higher
secondary ion yields for more electronegative elements and higher yields for the required
negative spectra of transition metal oxides. As a result, the spectra signal-to-noise ratio
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and resolution is improved and secondarily, more effective sputter rates are achieved
under these conditions and are ideal for profiling. The primary analysis ion source used
was Bi+ or the Bi3+ cluster ion. Liquid metal ionization sources often provide a more
focused ion beam relative to the other sources. They are also geared towards highly
controlled pulsed beams which are ideal for static SIMS. Owing to it’s size and charge
distribution, the Bi+ and Bi3+ cluster ion produce a moderate, less aggressive or ‘soft’
ionization which is ideal for sample analysis. This ‘soft’ ionization is enhanced within
the Bi3+ cluster ion as the single charge is shared over three atoms.

2.1.2.4 Sputter Area and Analysis Area

When utilizing the dynamic form of SIMS it is necessary to consider the dimensions of
the area being sputtered relative to the actual area being analyzed. The sputter area needs
to be sufficiently large enough for the analysis area to fit within it. When employing
particularly deep bulk analysis another factor arises in the form of surface morphology.
During the course of depth analysis, if the sputter area is not large enough relative to the
analysis area or if the ion beam angles are incorrect, a phenomena called crater-edge
effects can arise. Edge effects are the result of the analysis ion beam making contact with
the edges o f the sputter crater rather than the bottom of the crater where analysis is
required. Secondarily, the electrical field associated with secondary ion capture and
detection can be effected by these edge effects. The transferring electrical field between
the sample and extraction aperture becomes very distorted resulting in a loss in the

secondary ion flux into the spectrometer system or a loss in the useful ion yield. Edge
effects also become apparent when attempting to analyze the edge of a sample. For the
purposes o f this experiment, the sputter area was often at least two times the analysis area
to prevent any such effects.

2.1.2.5 Experimental Instrument Parameters

An Ion ToF SIMS IV GbmH Secondary Ion Mass Spectrometer, with a bismuth cluster
ion source was used to collect negative secondary ion spectra and images to characterize
grain boundary conditions and map the spatial distribution of metals after oxidation.
Proprietary ION-TOF image and spectral analysis software was used [11]. An ion beam
o f 25 keV Bi3+ with currents less than 0.3 pA was utilized for analysis while a 3-10 keV
Cs+ ion source with currents varying from 4.5-7.8 nA was used for sputtering and for
profiling. Sputter areas varied from 300 to 200 pm2 while analysis areas varied from 150
to 100 pm2, respectively, in order to avoid any cratering effects at the surface. Negative
mass spectra and two-dimensional spectral images were collected and calibrated using C",
CH , CFh and O' fragment peaks. Intensities were corrected and normalized
automatically by the ION-TOF software. Work on this instrument was supervised by Dr.
James T. Francis and Dr. Heng-Yong Nie, both from Surface Science Western (SSW).
ToF-SIMS depth profiles were employed to present oxide film composition as a function
o f sputter time/depth. Oxide fragment peaks of transition metal oxide species (O', O2',
CrO% FeO , NiO', CTO2', Fe02") are used to monitor oxide composition as the surface is
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profiled. The fragments chosen only indicated the presence of an oxidic species; it is not
inferred that these actual species are present in the film.
Two dimensional spectral images of the surface were used to monitor surface effects and
morphology pre, during and post sputtering. Two dimensional spectral images oriented in
the XZ direction were employed as a more definitive means to monitor particular
fragment intensities as a function of sputter time/depth.
In order to assess the thickness of the oxide films present after 6 minutes, 30 minutes and
24 hours of oxidation it was necessary to perform a series of depth experiments. This
was a result of an inability to use certain theoretical calculations (Strohmeier [12] or
Quases™ [13]) to assess film thickness due to the complexity in its composition.
Additionally, film thicknesses produced were thicker than could be analyzed by
Quases™. The latter theoretical calculations have been used in the past to calculate film
thicknesses within multi-phase metal oxides, particularly iron [14], but become less
reliable with metal alloys.
Depth measurement experiments followed a similar procedure. 1800 coupons of both
origins that were oxidized for 6 minutes, 30 minutes and 24 hours were initially scratched
as a means of landmarking for analysis after the SIMS experiment. The oxide films of all
coupons were profiled on an Ion ToF SIMS IV GbmH Secondary Ion Mass Spectrometer
using a Cs+ (1 keV) ion source with analysis using a Bi3+ ion source. Using a lower
energy Cs+ ion source allowed for a much gentle sputtering of the surface. A SIMS profile
of the oxide film was obtained during the sputtering process (10 second sputter, 2 scans).
Film thicknesses were then determined using a Tencor P-10 Surface Profiler whereby the
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surface was profiled perpendicular to the sputter crater with the probe. Depth
measurements were taken at the centre of the sputter crater and determined by two cross
sections obtained in perpendicular directions, as the difference between the averaged
surface level. Depth measurements were calibrated to SIMS profiles and spectral profile
images.

\
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2.1.3 Ram an Spectroscopy

Raman spectroscopy was used as a means of further confirming structures identified
within XPS. This was necessary due to the empirical fitting (through use of a standard
sample) of some of the core level peaks within high resolution XPS spectra, particularly
the Ni 2p3/2. However, due to the limited thicknesses of some of the oxide films coupled
with the detection limits of this instrument, obtaining high resolution spectra was
difficult.

2.1.3.1 Principles

Raman spectroscopy is a technique that can be used to identify compounds through use of
vibrational, rotational and other low-frequency modes in a system. The basic principle
involved is the Raman effect whereby an incident photon of light, usually a laser,
interacts inelastically with a molecule exciting it from its ground energy state to a virtual
state. As this molecule relaxes to its ground energy state it emits a photon and adopts a
different vibrational or rotational state about its bonds. Three different types of light are
emitted during the relaxation back to ground energy state. The first type of light, and
most abundant, is called Raleigh scattering. If a molecule is not Raman-active, after
absorbing a photon of a particular frequency the excited molecule returns back to its
ground vibrational state and emits a photon of the same frequency as the incident photon;
there is no energy exchange. Raman-active modes can be found for molecules that show

42

symmetry. The other two types of scattering are inelastic and involve Raman-active
molecules and account for only a fraction of Raman scattered light; they are called Stokes
and Anti-Stokes scattering. Stokes scattering involves the adsorbing of an incident
photon by a molecule in its ground vibrational state followed by an emission of a lower
energy photon; the molecule has absorbed a portion of the incident photon’s energy.
Anti-Stokes scattering involves a molecule already in a higher vibrational state adsorbing
an incident photon followed by an emission of a higher energy photon; the molecule has
relaxed to a lower vibrational state releasing some of its energy.
In general, crystals produce Raman scattering that can occur at certain frequencies due to
specific phonon or magnon modes that can be adopted by the material. As a result,
Raman 2 0 peaks should appear vary narrow. While both phonons and magnons are
quasi-particles, a phonon is a quantized collective excitation of crystal lattice atoms or
ion vibrations and a magnon is a quantized collective excitation of electron spin structure
in a crystal lattice (they also correspond roughly to phonons). Conversely, in amorphous
materials, multiple phonon modes are permitted resulting in a range of frequencies. This
produces a broadening of 2 0 peaks in the spectrum. The differences in energy as a result
of the inelastic scattering of light are measured by subtracting the initial energy of the
incident laser from the energy of the scattered photons.
These emitted photons appear at characteristic wavelengths, or 2 0 , based on the
permitted phonon and magnon modes for different compounds.
Since these wavelengths, characteristic of a particular change in polarizability, are
specific to the chemical bond and symmetry within a compound, the spectrum can
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provide a ‘fingerprint’ by which a molecule can be identified. Even if the sample
contains a mixture of compounds, the resulting spectra will be a superposition of the
spectra for each individual compound. If unknown, Raman spectroscopy can also be
used to discover the crystallographic orientation of a sample. Raman spectroscopy is also
versatile in that solid, aqueous and even gas samples (using special equipment due to low
relative concentrations) may be accepted. Quantitation of Raman spectra is done using
relative intensities and standards, achieving parts per billion detection limits.
Raman micro-spectroscopy is especially useful for surface analysis. Relatively small
sample sizes and volumes can be used since mounting and sectioning is not required.
Raman imaging is useful to demonstrate the spatial distribution of a particular compound.
The entire field is examined for scattering over certain constrained Raman shifts that are
characteristic to a compound. Alternatively, multiple spectra can be obtained over the
entire field of view permitting relatively high resolution chemical imaging of a surface.
Raman spectroscopy is better suited for this study relative to the analogous Infrared (IR)
adsorption spectroscopy. The selection rules for transitions are similar but Raman
spectroscopy measures changes in electron polarization due to incident photons where for
an IR detectable transition, the molecule must undergo dipole moment change during
vibration. So, when a molecule is symmetrical IR absorption lines are not observed, since
the molecule cannot change its dipole moment. It has been observed that molecules with
a strong dipole moment are typically difficult to polarize. The Raman technique also uses
high-energy laser sources that produce a higher efficiency of detection relative to IR,
where irregular absorbance can occur depending upon the material and preparations.
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2.1.3.2 Experim ental Instrum ent Param eters

All Raman spectroscopy was carried out on a Renishaw Raman Spectrometer model 2000
with a 633 nm Helium-Neon laser operating at 5mW. Use of a laser power of 5mW was
necessary due to the predicted thin film thicknesses present on the surfaces of the samples
after oxidation. At such a high power, some sample degradation is possible but is
required to produce a functional spectra of the thin oxide film. A high power can also
cause local heating and thus an increase in phonon width due to the increase in
anharmonic interactions [15]. Work on this instrument was supervised by Ms. Mary-Jane
Walzak from Surface Science Western.
Raman spectroscopy was used as a comparison method in conjunction with XPS to assist
in identification of the oxide films present. Raman band 2© positions were compared to
literature data in order to identify oxide species resolved using this analytical technique.
To reduce the spectral background due to reflectivity, spectra from a clean, unoxidized
1800 sample were subtracted from the Raman spectra of the 6 minute, 30 minute, and 24
hour exposure lengths to remove any background associated with the sample.
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2.1.4 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was implemented within the experimental strategy
as a means of initially scrutinizing experimental materials prior to oxidation.
Secondarily, it was employed to qualitatively observe the growth of the oxide film. SEM
was limited by the interaction volume so it’s ability to visually resolve thin films after
some of the shorter aging periods was difficult. It was apparent that films thinner than
the detection limit of approximately 10 A did not provide enough contrast within the
collected images to observe any surface structure.

2.1.4.1 Principles

Scanning Electron Microscopy (SEM) involves the bombardment of a sample surface
with a focused beam of electrons. The ensuing emission of secondary electrons of
different energies by inelastic scattering from the sample surface at various depths
produce a visual picture, through rastering the electron beam. This difference in energy
of inelastically scattered secondary electrons ultimately produces the contrast within the
sample image. Thus magnification is not controlled by an objective lens, but by
focussing the incident electron beam. Bombardment of the surface with an electron beam
also produces X-ray photons that are ejected from the surface and can be analyzed
simultaneously by tandem Energy Dispersive X-ray (EDX) spectroscopy. Thus elemental
information and distribution can be obtained from the surface through EDX.
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2.2 Experimental Preparations

2.2.1 M aterial Preparations

Samples of Incoloy 800 (1800) from two different origins were studied. The first was a
small grained Incoloy 800 H/T sample (ASTM grain size 5) was acquired from Rolled
Alloys Inc. (RA) in the form of a 6 mm (1/4 inch) rolled plate. The plate had been
solution annealed (heat treated) at 1150°C minimum and water quenched. It did not have
a continuous carbide network and was not weld repaired, based on the material
specifications from the manufacturer. Inclusions were present on the surface of the
untreated alloy. Square coupons of 1.5 x 1.5 x 0.6 cm were cut with a band saw. The
second origin studied was a large grained Incoloy 800 H/T sample (ASTM 4) from
Special Metals Corporation (SMC). It was provided in the form of a 3 mm rolled plate,
from which square coupons of 1.5 x 1.5 x 0.3 cm were cut. Inclusions were visible on the
surface using optical microscopy. Average compositions provided by the suppliers are
given in Table 2-1.
All coupons were polished to a mirror finish with a 0.25 pm diamond paste.

Table 2-1: Atomic % of Incoloy 800H/T samples
Mo
P
S
Ni
Cr
Mn
Al
Ti
Si
Cu Co
c
Type
Fe
0.540 0.38 0.25 0.24 0.19 0.074 0.022 0.0002
Rolled 45.22 30.64 20.70 1.00 0.550
Alloys
Special >39.5 30-35 19-23 <1.50 0.15-0.6 0.15-0.60<1.0 — <0.75 — 0.06-0.1 — <0.015
0
0
Metals
* Specifications o f Special metals sample are based on composition from Special Metals sample data sheet; Rolled
Alloys sample specifications are average values taken from manufacturer
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Samples were then indented using a micro-indenter. A conical indenter was used to place
a 30 ± 4 pm indent into the polished surface of the coupons. Prior to exposure all
coupons were immersed in 100% methanol (MeOH) and ultra-sonicated for 15 minutes to
remove any adventitious contamination derived from polishing or handling. Figure 2-5
shows an optical image of the conical indent and the indentation profile; regions adjacent
to the indent itself appear to be highly plastically (irreversibly) deformed from the visible
stress ridges. Plastic deformation in metals often occurs in the form of irreversible
dislocations within the crystal structure. The first half of the indentation profile displays
the initial load being applied while the second half is the non-plastic or elastic region
where the force is unloaded. It can be observed that within this material, an indentation
of approximately 30 pm does not actually result in a 30 pm indent due to this elasticity
that is inherent, to a certain degree, within all materials.

Figure 2-5: 50x optical microscopy image of conical indent on a polished RA sample;
stress ridges are visible adjacent to the indent (Left) and indentation profile indicating the
depth of indentation (Right).
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2.2.2 Oxidation Procedure

All oxidation experiments were conducted using gases flowing within a tube furnace that
was vented to atmosphere at the rear of the fume hood. Temperature was measured using
a thermocouple in contact with the coupon in the reaction chamber. The thermostat
associated with the furnace also simultaneously provided a rough measurement of
temperature.
1800 coupons were exposed to 1.0% (± 0.02%) oxygen gas (O2) balanced with nitrogen
gas (N2) (Praxair) at 300 °C and at atmospheric pressure. Dosing at 300 °C was carried
out for exposure lengths of 6 min, 30 min, and 24 hrs. Argon gas (Ar) (Ultrapure,
Praxair) was pumped through the chamber during the heating and cooling process to
prevent premature or further oxidation. Coupons were immediately transfered to
instrumentation for analysis or stored under inert conditions within a desiccator.

2.2.3 Pre-Oxidation Characterization

Prior to any oxidation, surfaces of each of the materials were characterized in an attempt
to better understand the microstructure derived from the manufacturing process. The
polished surfaces of
each material were first electrolytically etched (oxidized by electrolysis) in a 10% (by
volume) HCl/MeOH solution at 4.0 V for 30 seconds. This was done to reveal the grain
structure of the alloy that was not otherwise visible optically; Figure 2-6 displays the
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Figure 2-6: Optical images of the Rolled Alloys (RA) material (Left) and the Special
Metals Corporation (SMC) material (Right) after electrolytic etching in 10% HCl/MeOH
solution at 4.0V for 30s.
optical images after electrolytic etching of both materials. According to the specification
sheet the RA material was an ASTM 5 (American Society for Testing and Materials), or
at the threshold grain size to be considered ‘fine grained,’ while the SMC material was
given as an ASTM 4 grade, or just below this threshold standard. The ASTM grain size is
calculated by the formula:
n = 2G1

Equation 2-6

Where n = number of grains in a square inch at lOOx magnification, G = ASTM grain
size.
However, it can be seen that the SMC material appears to have relatively the same grain
size as the RA material, -20-70 pm. Both materials also appear to have well formed
grain structure however the RA material contains a high proportion of twin grains.
Twinning or a twin grain can be described as a grain that has been formed by rotation
normal to the (111) plane or a reflection about the (111) plane, within another grain.
Twinning is a vestige of stress reduction during the annealing process during
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Figure 2-7: 50x magnification optical microscopy images of the surface of the RA
material (Left) and SMC material (Right)

manufacturing of the alloy. From the image results alone it can be seen that the RA
material responded far better to electrolytic etching than the SMC material; this might be
indicative of more activity at the grain boundaries.
Small inclusions appear within the grains of both materials and are also seen in the
optical images prior to etching (Figure 2-7). Scanning Electron Microscope (SEM)
images of the inclusions and simultaneous Energy Dispersive X-ray (EDX) spectra were
obtained; Figure 2-8 displays the results.
TiK

Figure 2-8: SEM image (Left) [15.0 kV and 20,000x magnification] and 15.0 kV EDX
spectrum (Right).
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Qualitatively, the SEM images show that the inclusions are random in shape. EDX
spectra of the inclusions show a high concentration of Ti and C indicating the possibility
that the inclusions are likely titanium carbides (TiC). A small signal is also seen from the
Cr K. It is no surprise that carbides appear superficially on the surface of the alloy. Often
carbides are engineered into an alloy. Alone, carbides can be relatively brittle but they
can be beneficial when combined with metals. Alloy toughness is enhanced by their
inclusion in the ductile metal matrix, which isolates the carbide particles from one
another and prevents particle-to-particle crack propagation. Carbides appear normally
within metals and alloys but can also be detrimental to the mechanical properties during
annealing and quenching. Foundries attempt to limit the presence of them. During these
processes the carbides can pin grain boundaries during formation and ultimately effect
grain growth. Thus the build up of too many carbides within an alloy’s matrix can reduce
the material’s toughness, or resistance to plastic strain, due to an increase in grain sizes.
Materials with a high prevalence of small grains will often be tougher than their large
grain counterparts. In the case of the materials selected for this experiment, grain size
and distribution did not appear to be affected due to the minimal presence of these
inclusions.
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C hapter 3 - Results

3.1 Growth of the Oxide Film

The results from a series of investigations using different analytical techniques will be
presented.

An emphasis will be placed on the general structure of the oxide film as well

as specific structures present within the film. From Scanning Electron Microscopy
(SEM) the microscopic morphological structure of the oxides formed will be shown as a
function of oxidation exposure. Then Time of Flight (ToF) SIMS in a depth profiling
mode will be used to determine the in-depth and lateral distribution of oxides. From this
the absolute thickness of the overall oxide as well as the thickness of individual oxide
layers could be differentiated. As well, lateral changes in composition of the oxide could
be determined during the depth profiles and the presence of inclusions will be shown.

3.1.1 Surface Morphology Using Scanning Electron Microscopy

The morphology of the metal surface can affect the structures found in the oxides that
form after exposure to oxygen. Initially, the growth of the oxide film on the surface of
the alloy was investigated qualitatively by use of SEM. An electron beam energy of 5
kV was used to optimize the detection of near-surface features.
The oxidation of the RA sample of 1800 is shown in SEM images (Figure 3-1, Left).
Oxidation for 6 minutes results in an oxide film that is too thin to be resolved by SEM as
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its thickness is below the surface sensitivity of the instrument (limited to >10 nm for
resolution of thin films). Only polishing marks and some inclusions are visible as
darkened regions within the image (Figure 3-1 a.). After a 30 minute oxidation (Figure
3-1 b.) the surface becomes rougher as small oxide nodules, ranging in diameter from
30-35 nm, appear on the surface of the coupon. Avery rough grain structure is still
visible. These even-sized, somewhat symmetric nodules appear to be partially aligned in
the same direction; this was likely the result of polishing. Coverage is continuous and
there is no evidence of localized growth of the film. After oxidation for a 24 hour
exposure (Figure 3-1 c.) the small oxide nodules have nearly doubled in size to a
diameter of 60-70 nm. Most have lost their symmetric proportions and appear more
amorphous. It appears as though oxide coverage on the coupon surface is still uniform.
Oxide coverage and structure was observed by SEM to be analogous in the SMC larger
grained sample (Figure 3-1, Right). Oxidation for 6 minutes yields an oxide film that is
too thin to resolve, only polishing marks and inclusions are visible. A similar nodule
growth is apparent and inclusions are visible through the oxide after 30 minutes of
oxidation. Nodules are of similar proportions to the RA sample (25-30 nm in diameter)
and are also moderately symmetric. Nodules become larger as a function of exposure and
oxide coverage is continuous after 24 hours, however nodules for the SMC material
appear slightly less bound by symmetry.

The appearance of any nodule-type structure on a surface can be an indication of growth
of a non-protective oxide film [1-3]. It is likely that the oxide nodules are simply related
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to the surface morphology of the oxide film and have less to do with an unconventional
oxidation or a metal extrusion mechanism.

Figure 3-1: SEM images [5.0kV, 50,000x magnification] of RA (Left) and SMC (Right)
material coupons oxidized for a.) 6 min, b.) 30 min and c.) 24h. Inclusions can be seen
after 30 minutes of exposure and are incorporated within the matrix of the surface oxide
film.
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3.1.2 Depth Composition of the Oxide Films using ToF-SIMS

ToF-SIMS was used as the primary technique to investigate the spatial distribution of
elements within the oxide films. SIMS spectra (Figure 3-2) demonstrate ion intensity as a
function of mass-to-charge ratio, averaged over the analysis area. Simple ion (single
atom) and complex ions appear within the spectrum and are representative of elements
found on the surface of the material. These are often produced as complex ions that are
formed by collisions during the sputtering process. Both positive and negative SIMS
spectra were collected. Characteristic ions selected for the study in this experiment
included C"/+, Cr -/+, Fe -/+, Ni -/+, O "/+, 0 2 "/+, CrO -/+, C r02"/+, FeO /+, F e02"/+, NiO -/+ and
N i0 2 /+. These will assist in determining the distribution of elements in the oxide film.
In the SIMS spectrum of an 1800 sample oxidized for 24 hours it can be seen that
transition metal ions C r, Fe", and Ni" for the major alloy constituents are not very
SIMS Spectrum: 30 Minute Oxidation

Figure 3-2: ToF-SIMS negative ion spectrum of the small grained 1800 sample oxidized
with 1% 0 2 for 24 hours at 300°C at 1 atm. Ion and ion fragment intensities are
presented on a log scale as a function of mass/charge and averaged over the depth of
analysis.
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intense. Mono-atomic oxide fragment ions (CrO% FeO-, and NiO ) and di-atomic
fragment ions (CrC>2', FeC>2', and N 1O2") have the highest intensities. These ions are the
most intense because of the high concentrations of oxygen and metals present and the
high stabilities of these particular fragment ions, at least on the time scale of the ion
bombardment process.

The employment of SIMS depth profiles was a particularly useful means of monitoring
the latter ion and fragment ion intensities as a function of time. Depth profiles
incorporate both dynamic and static operational modes of the SIMS instrument. The
oxide film was sputtered away using a Cs+ primary ion beam for approximately 10
seconds (dynamic sputtering), followed by a short 2 second pause for an analysis period
using a Bi3+ primary ion beam operating in static mode. During this second stage
minimal material is sputtered away from the surface. Specific ions and fragment ions
first identified and demonstrated within the initial spectrum are analyzed for their
intensities during the profile. A depth profile consists of many such analysis periods, as
many as 50 (in the case of this experiment) and each spectrum acquired is stored and
averaged for the 2 second period. In-depth resolution is dependent upon the size of the
analysis area. The final product is a profile of the oxide film, expressing the intensities
for each specific ion and fragment ion as a function of sputtering time through the film.
The product of this process is shown in Figure 3-3 where positive ions that would be
characteristic of the alloy constituents are expressed as a function of sputter time.
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SIM S Oxidation Profile: 6 Minutes

Figure 3-3: SIMS positive ion depth profile of a small grained 1800 sample oxidized with
1% O2 for 6 minutes at 300°C and 1 atm. Simple ion profiles can be ambiguous when
used to identify positions of specific oxide components in a film.
SIMS Oxidation Profile: 6 Minutes

Time (sec)

Figure 3-4: SIMS negative ion profile of small grained 1800 sample oxidized with 1% O2
for 6 minutes at 300°C and 1 atm. Specific oxide fragment ions can be used to monitor
the distribution of individual oxide components in a film. The solid vertical line indicates
the point where the oxygen ion has decreased to 10% of its maximum intensity; this is
arbitrarily chosen as the oxide-metal interface.
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Information about the layered structure of each oxide film can be inferred from specific
characteristics and regions within a profile. The profile of positive ions in Figure 3-3
shows a result that would be very difficult to interpret to resolve the depths at which each
oxide
is most prominent. This results from the fact that the positive metal ion intensities are
strongly affected by the local oxygen concentrations as well as the concentration of the
element itself. Despite an overall lack of positional information concerning individual
oxide components in the profile, the characteristic drop in metal ion intensities combined
with the prevalence of oxygen ion intensity roughly demonstrated the overall region of
oxide scale growth.
However, use of a negative ion spectrum ions, in particular the more complex fragment
ions (CrO', FeO', N iO ) produces a clear and distinct profile, as shown in Figure 3-4. Use
of negative ion spectra is beneficial when analyzing oxide films as secondary ion yields
for oxide ions and oxide fragments will be enhanced. While none of the complex
fragment ions are indicative of those specific oxide species being present in the film, they
are beneficial to demonstrate general oxide component placement within the film. From
Figure 3-4, examination of the major inflection points of the fragment ion peaks indicates
the approximate placement of specific oxide components. Additionally, monitoring the
width of the latter peaks provided information on distribution of individual oxide
components within the entire film. The peak for FeO' is less broad than that of NiO',
which envelops the majority of the oxide film. This suggests that the Fe oxide
component is mainly found near the surface region while the Ni oxide components may
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persist throughout much of the film. Thus, incorporation of characteristic fragment ions
within the negative profile allowed for monitoring the growth of the overall film as well
as its individual components.
While distribution of oxide components is useful, an understanding of where the oxidebulk metal interface occurs is necessary to determine oxide film thicknesses.
Determining where this interface is located can be achieved though two approximation
methods (Figure 3-5). The first method involves using positive ion spectra. The interface
will occur at the inflection point where the metal ion signal intensities normalize after
experiencing a large drop in the oxide film region. If an 0 + ion is incorporated into the
profile, this inflection point will coincide with another where the 0 + signal intensity
experiences a large drop. From the profile shown in Figure 3-4 this method is too
ambiguous because the inflection occurs at different times for each element or not at all.
A second method involves using negative ion spectra. An examination of the O' peak at
10% of its maximum intensity on the leading edge was an approximate means of
determining where the oxide scale ended. The X-component of this intensity will provide
the sputter time at which the interface was breached by sputtering.
Raw SIMS profiles present secondary ion intentities as a function of sputter time.
However, calibration for depth is essential to determine relative growth rates of the oxide
films. Converting the time scale on the x-axis of a SIMS profile using literature data for
sputter rates (nm/s) would be unreliable. Sputter rates are dependent upon current, beam
type, and surface conditions. Differing components and material density within an oxide
film also influences sputter rate. As the SIMS instrument cannot measure depth of the
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SIMS Positive Ion Spectrum

a.)

SIMS Negative Ion Spectrum

b.)

Figure 3-5: There are two methods to detect where the oxide-metal interface within an
oxidized sample. The first method (a.) approximates the interface to the inflection point
where the metal signal increases/normalizes or the oxygen signal decreases. The second
method (b.) approximates the interface to the 10% intensity of the O' peak.

sputter crater, this must be done after the profiling procedure is complete.
Post ToF-SIMS profiling, sputter crater depths were measured using a stylus profilometer
(see Figure 3-6, Left). The profilometer quantitatively measured surface topography as a
function of lateral position (Figure 3-6, Right). A surface roughness is demonstrated both
on the surface of the oxide film as well as within the sputter crater. Crater depths were
then calibrated to the accompanying ToF-SIMS profiles. SIMS negative ion spectra
collected for exposure lengths of 6 minutes to 24 hours were all calibrated with depths
obtained (Figures 3-7 and 3-8) using the described method.
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Figure 3-6: Optical image of Cs+ sputter crater (dark area, Left) that was analyzed using
the Tencor Profilometer and surface topopography of sputter crater in oxide film (Right).

Composition was determined to be analagous for materials of both origins and is
presented as a function of depth in Table 3-1. Similar compositions also demonstrated
that the sputter rates should be similar.
In Figures 3-7a and 3-8a the depth profile from Figure 3-5, a small grained and large
grain (respectively) 1800 sample oxidized for 6 minutes, is re-plotted as a function of
actual depth in nm. An examination of the profiles revealed at least 4 regions of different
composition within the oxide film for both (Table 3-1). The first 1 nm of the profile
represents a region of surface contaminants such as adventitious carbon species due to the
gas-phase oxidation procedure. Signal intensities in this region also varied as the sputter
process reach equilibrium. The next ~l-2 nm of the film was primarily an Fe oxide since
intensities for NiO and FeO' were at least an order of magnitude lower. The following
~2-4 nm of the film still had a large Fe oxide component but minor Ni oxide was present;
this may or may not be combined with Fe oxide as a ternary oxide. The last region,
occurring at approximately 4-9 nm and adjacent to the oxide/metal interface, is
characterized as Fe oxide with minor but significant oxides of chromium - either binary
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SIMS Oxidation Profile: 30 Minutes, Small Grain Material

D epth (n m )

D e p th (n m )

Figure 3-7: SIMS negative ion profiles of small grained 1800 samples (RA) oxidized
with 1% O2 for a.) 6 minutes, b.) 30 minutes and c.) 24 hours at 300°C and 1 atm.
Profile data was calibrated for depth based on crater depth measurements in order to
demonstrate simple and complex ion intensity as a function of depth of the oxide film.
Oxide/metal interfaces are indicated by the blue line; dashed red lines indicate
uncertainty.
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Figure 3-8: SIMS negative ion profiles of large grained 1800 samples (SMC) oxidized
with 1% O 2 for a.) 6 minutes, b.) 30 minutes and c.) 24 hours at 300°C and 1 atm.
Profile data was calibrated for depth based on crater depth measurements in order to
demonstrate simple and complex ion intensity as a function of depth of the oxide film.
Oxide/metal interfaces are indicated by the blue line; dashed red lines indicate
uncertainty.
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Table 3-1: Composition of individual depth profiles of both small (RA) (Figure 3-7) and
large (SMC) grained material (Figure 3-8) is shown as a function of oxidation length.
Depth profiles were then further separated into 4 regions to explain oxide film
composition as a function of a number of strata.
Region

6 Minutes
Depth profile Figures 3-7a and 3-8a

1

Outermost surface (0-1 nm) - Intensities are affected by surface contamination and
equilibrium of the sputter process

2

First oxide layer (1-2 nm) - Primarily iron oxide

3

Second oxide layer (2-4 nm) - Iron oxide with minor nickel oxide compound

4

Third oxide layer (4-9 nm) - Iron oxide with minor chromium oxide compound
30 Minutes
Depth profile Figures 3-7b and 3-8b

1

Outermost surface (0-1 nm) - Intensities are affected by surface contamination and
equilibrium of the sputter process

2

First oxide layer (1-4 nm) - Primarily iron oxide

3

Second oxide layer (2-6 nm) - Iron oxide with minor chromium and nickel oxide compound

4

Third oxide layer (6-12) - Iron oxide and chromium oxide layer
24 Hours
Depth profile Figures 3-7c and 3-8c

1

Outermost surface (0-1 nm) - Intensities are affected by surface contamination and
equilibrium of the sputter process

2

First oxide layer (1-8 nm) - Primarily iron oxide

3

Second oxide layer (8-16 nm) - Iron oxide with very minor amounts of chromium and nickel
oxide compound

4

Third oxide layer (16-40 nm) - Iron oxide (minor) and chromium oxide layer

or ternary. Oxide film thicknesses are experimentally similar for both the small grain and
large grain materials. The oxide/metal interface as defined by 10% of the O" signal is
found at a depth of 8 =1=2 nm for the small grained sample and 9 ± 2 nm for the large
grained sample.
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Oxidation for 30 minutes yields a similar profile (Figure 3-7b and 3-8b), however both Fe
and Cr oxide component regions appear to have grown thicker as evidenced by the
broadening of their respective fragment peaks. Once again, at least 4 regions of different
compositions were still visible within the depth profiles for films grown over 30 minutes.
The first region, the contaminant/equilibrium layer, remains within the first 1 nm of film
thickness. The second region, still existed as predominately Fe oxide but had grown to
span approximately 1-4 nm in film depth. The third region, occurring between ~2-6 nm,
was still primarily Fe oxide with a small Ni oxide contribution, however a minor
contribution of Cr oxide began to appear in this layer. While a possible ternary Ni-Fe
oxide existed in this region, it was also likely that a Ni-Cr oxide was formed. The last
region, —6-12 nm, was now a mixture of Fe oxide and Cr oxide. The oxide/metal
interface is found at a depth of 15 ± 3 nm for the small grained material, and 10 ± 3 nm
for the large grained material.
The longest exposure, 24 hours of oxidation, results in a profile where two primary
components began to appear within the film (Figure 3-7c and 3-8c). The initial 0-1 nm of
the film still existed as a contaminant/equilibrium region. The Fe oxide region spanned
the 1-4 nm depth of the film. The third region is now predominately Fe oxide with very
minor Cr and Ni oxide contributions. It was likely that the Ni oxide species was still
present as ternary oxides of Fe and Cr. The last region which has grown considerably in
thickness, now spanned-16-40 nm in depth, and existed as a Cr oxide layer with some
minor Fe oxide. The oxide/metal interface for the small grained material was found at 47
± 6 nm and at 30 ± 8 nm for the large grained material.
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While after only 6 minutes of oxidation, the film appeared to be primarily Fe oxide with
very minor Cr oxide occurring on the interior, the mature film grown after 24 hours of
oxidation resulted in a film that was, proportionately, both Fe and Cr oxide. The initial
presence (on the surface) of a largely Fe oxide was likely due to rapid kinetically
controlled diffusion; Cr oxide formation was more thermodynamically favoured. The
presence of ternary oxides of Ni-Fe and Ni-Cr was also likely due to the defectiveness of
the outer Fe oxide layers and the limited availability of diffused oxygen during internal
oxidation processes. These processes will be discussed further in Chapter 4. While
compositions were analogous for the 1800 materials of different origins, the larger grain
material presented oxide films that were slightly thinner. This was only apparent after 24
hours of oxidation.
One of the capabilities of ToF-SIMS is the ability to perform retrosynthetic analysis,
which allows for one to return to previously collected data and re-manipulate it in a
number of different ways and apply different properties to the dataset. As such, SIMS
depth profiles were re-evaluated but as spectral images. SIMS oriented in the XZ
direction spectra, or a lateral spectral image, were employed and were representative of
an individual cross section of the profile or an average of the entire profile area (Figure
3-9). As with SIMS profiles, depth measurement scales were applied to spectral images.
O' fragment spectral images were used to measure overall oxide growth (Figure 3-10). O'
fragments were decided to realistically represent the actual oxide band in the images,
rather than the O2' images, which could give a false or exaggerated thickness due
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High Intensity

u
Figure 3-9: SIMS spectral image of a profile oriented in the XZ direction. The spectral
image provides a visual distribution of individual components of the oxide film and can
be used to assess oxide film thickness. A heat scale is used to identify distribution within
the spectral image. White indicates a high signal intensity while black indicates a low
signal intensity.

Figure 3-10: ToF-SIMS negative spectral images of oxidation profiles a.) RA (Small
Grain material) b.) SMC (Large Grain) material oriented in the XZ direction for O'
fragments over (Left to Right) 6 minutes, 30 minutes and 24 hours. The white line
represents the oxide/metal interface.
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Table 3-2: Film thicknesses and experimental error as determined by ToF-SIMS
sputtering, profilometry and spectral images. Oxide film thicknesses and uncertainties
for both methods were experimentally similar.
Time

Film Thickness (nm)
Special Metals (SMC, Large Grain)

Rolled Alloys (RA, Small Grain)

Profile

Spectral Image

Profile

Spectral Image

6 minutes

9±2

8± 2

8± 2

8± 1

30 minutes

10 ± 3

10 ± 2

15 ± 3

9± 2

24 hours

30 ±8

48 ±5

47 ± 6

46 ± 4

to the possible enhancement of the signal. Calibrated film thicknesses are displayed in
Table 3-2.
Oxide film thickness calculations using both methods, SIMS profiles and spectral images,
are reasonably comparible however it was predicted there was higher degree of
uncertainty associated with depth measurements using SIMS profiles. Ignatova et al have
shown that using a technique similar to the one employed here for depth determination,
an uncertainty of approximately 30% is imparted into the measurements of crater depth
[4], From Figure 3-10, it was demonstrated that oxide films were continuous, however
spectral depth images indicated the presence of minor internal oxidation beyond the
oxide-metal interface. This was indicative of oxygen diffusion into the bulk of the alloy.
Figure 3-11 shows spectral images of individual profile cross sections for specific oxide
components using FeO', CrO', and NiO- fragment ions. These images suggest a multicomponent, continuous oxide film with Fe oxide predominately in the near-surface region
and Cr oxide occuring near the oxide-bulk interface towards the interior. The Fe oxide
component appeared to be continuous and relatively homogenous across the entire

Depth (nm) 0 —

a.)

15 46—

30.91 - J

Depth (nm) 0 —

b.) 2842-

56.83- J

Figure 3-11: ToF-SIMS negative ion spectral images of oxidation profiles (RA, Small
Grain material) oriented in the XZ direction for CrO, FeO\and NiO" fragments over a.) 6
minutes, b.) 30 minutes and c.) 24 hours. The white line represents where the oxide/
metal interface lies.

analysis area. The Cr oxide is less discontinuous and appears to vary within the interior
of the film. The distribution of Cr oxide laterally within the film might be influenced by
the presence of TiC and other
inclusions within the matrix. Additionally, the variability of the Cr oxide within the oxide
film is an indication of a lack of protectiveness; a Cr oxide’s protective properties only
exist if oxide
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coverage is uniform. Ni and Ni oxide distribution within the oxide film is somewhat
localized but variable within the outer regions of the film; this suggests the growth
mechanism for Ni is more complex than that of 1800’s other substituents.
As with O spectral depth images, individual oxide component images also demonstrated
minor internal oxidation beyond the oxide-metal interface. This was significant because
all oxide components displayed evidence some degree of internal oxidation.

Relative thickness of individual oxide components of Fe and Cr were measured as a
function of time in order to assess rates of growth and cation migration from the bulk as
the film forms. Growth ‘bands’ from ToF-SIMS spectral images, as demonstrated in
Figure 3-11, were measured for each exposure length and are presented in Table 3-3.
Measurements of the specific Ni oxide
contribution to the overall film was unrealistic due to the dispersion/lack of localization
or ‘banding’ demonstrated in the spectral images for the Fe and Cr oxides.
Upon initial qualitative observation of the spectral images and inference from the
thickness data displayed in Table 3-3 it could be deduced that there is a partial overlap of
Fe and Cr oxide phases within the film. After 6 minutes of oxidation this overlapping
region was expected to be approximately 2-3 nm, growing to approximately 10-15 nm
after 24 hours of oxidation. This suggests either a mixed phase region or the potential for
Fe/Cr spinels [5-7] or non-stoichiometric mixed oxides [8], albeit in small or negligible
quantities, that have been demonstrated by other research groups.
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General trends within the individual oxide components suggested that the Fe oxide
component was growing at a faster rate than the Cr oxide component, but was only
absolutely evident after 24 hours of oxidation due to the uncertainty associated with
measurement of the thin oxide films using spectral images in the early stages of
oxidation. It was shown that the Fe oxide component was approximately 7-10 nm thicker
than the Cr oxide component after 24 hours of oxide growth. This agrees with the latter
compositional information derived from the depth profiles that showed Fe oxide
appearing in larger quantities early in the oxidation process and within the mature film.

Table 3-3: Film thicknesses as determined by ToF-SIMS profiling and spectral images
for Fe and Cr oxide components of the film.
Time

Film Thickness (nm)
Large Grain (SMC)

Small Grain (RA)

Fe Oxide

Cr Oxide

Fe Oxide

Cr Oxide

6 minutes

6

6

5

7

30 minutes

7

6

9

8

24 hours

37

30

27

23
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3.1.3 Investigation of Local Structures

Localized structures of the materials, such as grain boundaries and inclusions, can assist
in determining transport properties of metals during growth of oxide film. Formation of
thin oxide films is often facilitated by the migration of cations through microstructure.
ToF-SIMS spectral images of the coupons were also collected of all exposure lengths of
oxidation after profiling to the oxide scale - bulk metal interface using the sputtering
techniques described above. In order to provide a spectral image of the surface, the Bi3+
analysis beam is rastered across the analysis area, positive ion images are collected of
metal ions, as they were assessed to be the most intense at this position in the profile and
thus most likely to provide the best spatial resolution of local structures.
Figure 3-12 displays a positive spectral image where the oxide film produced after 6
minutes of exposure has been sputtered away (approximate depth of 8-10 nm) displaying
the approximate region where three grain boundaries have met; these regions are called
triple points. Triple points are highly-reactive, defective sites within the grain boundaries
in a material and are often associated with high-angle grain boundaries. As they are
highly reactive, triple points can often serve as nucleation sites for stress corrosion
cracking [9]. The presence of the triple point in the analysis area after sputtering is not
surprising due to the relatively small grain size of the materials studied. Some individual
grains are also more visible than adjacent grains due to a phenomenon known as
‘channelling.’
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Figure 3-12: ToF-SIMS positive ion images of metal and oxide fragment peaks of RA
material coupon O2 exposed for 6 min, collected after profiling of surface (100 x 100
pm2). Estimated depth after profiling is approximately 8-10 nm. A grain boundary triple
point is observed.

Channelling occurs when a surface is preferentially ionized during the SIMS process,
dependent upon crystal orientation, resulting in a variable intensity appearing in each
individual grain. No preferential accumulation of any of the alloy’s principal component
metal ions (Cr+, Fe+, Ni+) or characteristic oxide fragment ions is seen (which might have
been indicative of diffusion). However, a localized inclusion containing titanium is
found.
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ToF-SIMS spectral images of the 1800 coupons were collected prior to and during
profiling of films after 6 minutes, 30 minutes and 24 hours of oxidation. A short (5
second) Cs+ sputter was completed to remove any surface contaminants on samples
analyzed prior to profiling. One of the surface structures that is visible in the SIMS
images after 6 minutes of oxidation, shown in Figure 3-13, are the inclusions that were
visible using optical microscopy and in the SEM images taken during the initial analysis
of the materials. They appear rich in Ti and oxygen suggesting there was a partial
conversion of TiC to Ti02 during the oxidation process. Additionally, the presence of Ti
and A1 within alloys, even in extremely small quantities is also known to slow oxidation
[10]. Visible after 6 minutes of oxidation, these inclusion regions also appear to be rich
in chromium and depleted in iron after the oxidation process; this suggests that titanium

CrO+

NiO+

FeO+

Total Ion

Figure 3-13: ToF-SIMS positive ion spectral images (150 x 150 pm2) of metal and oxide
fragment ion peaks of RA material coupon oxidized for 6 min, after 5 sec 3 keV Cs+
sputter.
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Figure 3-14: ToF-SIMS negative ion images ( 200 x 200pm2) of C" and TiO displaying
location of inclusions on surface of 1800 (RA) of the oxide film after 30 minutes of
exposure of exposure. A correlation between these locations suggests most of the TiC
inclusions have been oxidized.

Figure 3-15: ToF-SIMS negative ion images (200 x 200 pm2) of C- and TiO- displaying
location of inclusions on surface of 1800 (RA) of the oxide film after 24 hours of
exposure of exposure. A correlation between these locations suggests most of the TiC
inclusions have been oxidized.

carbides within the surface of 1800 might play some role in cation migration. The high
incidence of Cr present within the inclusions (Ti carbides) suggests that Cr is the more
reactive of all the cations available within the oxide. Profiling of the oxide film was
further analyzed in the regions surrounding these inclusions after 30 minutes (Figure
3-14) and 24 hours (Figure 3-15) of exposure demonstrated a lack of localized Cr
concentration. The unusual behavior associated with accumulation of Cr metal in the
vicinity of the inclusions that is visible after 6 minutes of oxidation (but not after
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subsequent futher oxidation) may be explained by processes that occur during
manufacture/initial annealing of the 1800. During the nucleation phase of the carbide
formation there is an affinity for atomic Cr to precipitate preferentially in the inclusion/
carbide region; a type of zone refining [11]. Thus we would potentially see an inital local
enrichment o f Cr within the inclusions in the form of chromium carbides or atomic Cr.
After longer oxidation it becomes apparent that any Cr initially enriched in the inclusions
dissipates itself within the substrate and oxide film present.

3.1.4 Physical Effects of Indentation

Indented regions of interest from 1800 material were assessed in order to determine
whether localized strain, in the form of an indent, produced any structural changes within
the surface o f the material or the oxide film subsequently grown.
The surface was first gently sputtered for 5 seconds with the Cs+ source (3 keV) to
remove any adventitious material followed by profiling using Cs+ and analysis with a
Bi3+ source (25 keV). SIMS spectral images taken after profiling of 30 minutes are
shown in Figure 3-16. The indentation is easily visible due to the lack of Cr, Fe and Ni
signal within the area of the indent. Assessment of oxide coverage was done by
monitoring the negative ion oxide fragment images (CrO‘, NiO% FeO ) which show that
there is still uniform oxide coverage around and within the
indent; oxide film continuity is not influenced by placement of the indent on the surface.
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From the specific metal ion signals (Fe\ C r, N r) it can be observed that there is no
preferential localized concentration of metals within the indent or the region surrounding
the indent. The lack of signal from or the depletion of Fe, Cr and Ni within the area of
the indent might be an instrumental effect caused by an extreme difference in topography.
The SIMS images suggest
there is no discemable physical difference in the oxide films grown with or without
indentation.
It has been demonstrated that various surface treatments prior to oxidation, such as
abrasion [12] or ion milling [13], can induce preferential oxidation certain primary
components of an alloy. Knowing this, practical application of surface treatments could
result in better engineered protective oxide film.

Ti-

Cr

Fe-

Ni-

TiO

NiO

C r0 2-

F e0 2-

Mo

C r0 3

FeO

Figure 3-16: ToF-SIMS negative ion spectral images (500 x 500 pm2) of metal and oxide
fragment peaks of RA material coupon, indented and oxidized for 30 min, after 5 sec 3
keV Cs+ sputter. The indentation can be observed within the C r, Fe- and Ni' metal ion
images.
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It was predicted that structural defects produced as a result of localized strain on the
surface o f the alloy might have induced a greater localized cation mobility or increased
oxidation, as with abrasion, and manifested itself in the form of a greater mobility of
specific cations o f the primary alloy components. A 30 pm indent appears to have
negligible effects on the surface characteristics and spatial distribution o f the oxide film
after 30 minutes o f oxidation at 300°C. Although further studies are required at greater
resolution not only to investigate the lack of principal alloy component ions in the
vicinity o f the indents but also to confirm the lack of activity after indentation and
subsequent oxidation. Surface treatments such as abrasion incorporate larger surface
areas and thus a small localized indent might have been insufficient, in terms of strain, to
induce any physical anomaly in that region.

\
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3.2 Chem istry of the O xide Film

The chemistry o f the oxide film was studied by broad spectrum XPS and Raman
spectroscopy. Additionally, high-resolution XPS has been used to probe the chemical
structure o f many of the oxide phases in the near surface and a new analysis method will
be introduced to permit “fingerprint” identification of specific chemical species using
peak shape and structure caused by chemical shift and multiplet structure.
An appreciation of the underlying chemistry of the oxide film is required to complement
physical data concerning layer and lateral microstructure and growth of the film.
Combined, this information was necessary in order to create an overall model of the
system under the prescribed experimental conditions. Knowledge of the chemistry of the
oxide film assisted in further understanding the mechanisms of film growth and was used
to determine if the film produced was, in fact, a passive, protective film.

3.2.1 G eneral O xide Chem istry

XPS survey scans over the BE range o f 1100-0 eV were obtained from the surface of the
1800 coupons after oxidation. From the initial survey scans (Figure 3-17) it is apparent
that the principal elemental peaks for the oxide film, for all exposure conditions, are Fe
(2p3/2, 710.9 ± 0.1 eV), Cr (2p3/2, 573.60 ± 0.2 eV), C (Is, 284.8 ± 0.2 eV), Ni (2p3/2,
855.40 ± 0.2 eV), O (Is, 530 ± 0.2 eV). Other visible, but less intense, peaks include the
Mn 2p, Fe Is, 3s, and 3p as well as the O 2s and the O Auger peak. Survey spectra were
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well resolved and no charge compensation was necessary as outlined in the previous
chapter.
Analysis o f core level peak areas for the principal elements (O Is, Fe 2p, Cr 2p, Ni 2p,
C ls) yields relative concentrations of each particular element over the different oxidation
exposure conditions (Table 3-4). Inspection of the relative concentrations after initial
oxidation suggest the film contains primarily oxides of (in decreasing proportions) Fe, Cr
and Ni. O and Ni concentrations over the entire exposure length remained relatively
constant. The Fe signal shows an increase in concentration with increasing oxidation,

Figure 3-17: XPS survey spectra for small grained material (RA) after a.) 6 minutes, b.)
30 minutes and c.) 24 hours of oxidation at 300°C, 1 atm and 1% O2.
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Table 3-4: Surface composition (at. %) o f each specimen using the O Is, Fe 2p, Cr 2p, Ni
2p and C 1s from XPS survey spectra and corrected for cross section and energy. The
peaks present constitute elements that are the primary components of the oxide film.
O Is

Fe 2p

Cr 2p

Ni 2p

C Is

RA, Small Grain

44 ± 2%

24 ± 2%

2.6 ± 0.2%

1.7 ±0.3%

27 ± 4%

SMC, Large Grain

43 ± 2%

18 ±4%

2.8 ± 0.4%

2.5 ± 1%

33 ± 6%

RA, Small Grain

45 ± 1%

27 ± 1%

1.2 ±0.4%

1.2 ±0.3%

24 ± 3%

SMC, Large Grain

44 ± 4%

35 ± 5%

0.75 ± 0.5%

2.1 ±0.8%

18 ±3%

RA, Small Grain

45 ± 3%

30 ± 2%

0.32 db 0.2%

1.6 ±0.5%

24 ±4%

SMC, Large Grain

40 ± 6%

40 ± 6%

0.06 ± 0.05%

1.2 ±0.2%

40 ± 9%

Time

6 minutes

m minntpc

24 hours

Table 3-5: Surface oxide composition of principle components Fe, Cr, and Ni from the
XPS survey spectra. Deviations within these percentages can be used to determine a
change in film composition as a function o f oxidation exposure length.
% Fe Oxide

% Cr Oxide

% Ni Oxide

RA, Small Grain

85

9.2

6.0

SMC, Large Grain

77

12

11

RA, Small Grain

92

4.1

4.1

SMC, Large Grain

92

2.0

5.5

RA, Small Grain

94

1.0

5.0

SMC, Large Grain

97

0.2

2.9

Time

f\

m in iifp c

30 minutes

24 hours
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while conversely, the Cr signal shows a decrease in concentration with increasing
oxidation. Concentrations of Cr after 24 hours were near the detection limit (0.3 at. %) of
the instrument. Relative % from Table 3-5 show an overall increase in Fe relative to Ni
and Cr over time. Fe oxide was the primary constituent o f the outermost layer of the
mature oxide film. Further, from the SIMS depth profiles it was apparent that primarily
Fe oxide appeared within the initial layers (near-surface region) within the oxide film
early in the oxidation process and after a substantial oxidation period. This region
encompassed approximately 1 nm after 6 minutes of oxidation, to approximately 8 nm
after 24 hours of oxidation. Cr oxide did not begin to appear until after 4-5 nm of oxide
film thicknesses; generally within the interior of the film. Additionally, film thicknesses
obtained via the previous surface profilometry technique are far beyond the IMFP for Cr
yet a signal is still observed within the XPS Cr 2p region of the survey spectra. The
weak signal was a combination of the internal positioning of the Cr containing oxide
layers and of a low average concentration of Cr in the film. The overall increase in Fe and
decrease in Cr as a function oxidation time obtained from the survey spectra indicates
that iron has migrated preferentially to the surface of the oxide. Additionally, Ni content
remains relatively consistent within the small grain material but decreases within the
large grain material.
The high C content is a product of the gas-phase oxidation process and subsequent air
exposure during transfer to the instrument, and was not likely due to C introduced into
the alloy during the annealing and quenching process during manufacture, although the
alloy itself does incorporate C as a constituent to improve hardness.
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a.)

b.)

c.)

Figure 3-18: XPS high resolution O l s spectra o f 1800 coupon oxidation at 300°C and 1
atm after a.) 6 minutes, b.) 30 minutes, and c.) 24 hours of exposure.

High resolution O Is spectra were also assessed. The high resolution O l s spectra were
fit using three peaks (Figure 3-18). The O Is spectra show the largest peak occurring at
530.0 ± 0.2 eV corresponding to substitutional or lattice 0 2~, this peak is attributable to
Fe, Ni, and Cr oxide species present in the film. A second peak appears at 531.6 ±0.1
eV which is attributable to a number of possible oxygen structures such as defects [14].
The peak o f smallest intensity, negligible in most of the O Is spectra, occurs at 533.3 ±
0.2 eV and is attributable to adsorbed H 2O [14]. It appeared as though most adsorbed
H 2O was driven off during the heating process of the samples. If there were a hydroxide
component to the film it would have appeared within two peaks, the lattice OH' at 531.3
±0.1 eV and an adsorbed OH8' at 532.1 ± 0.1 eV [15], but this was not visible in any
spectra.
High resolution XPS spectra for specific regions o f interest were also collected. Analysis
of the films XPS Fe 2p3/2, Cr 2p3/2, and Ni 2p3/2 regions was required, using chemical
shift correlations and multiplet splitting peak fitting. A spectral subtraction method was
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assessed and used in order to determine the presence and fit of individual transition metal
oxides within individual 2 p 3/2 envelopes.

3.2.2. A nalysis of the Fe 2p3/2 Spectrum

As previously suggested, each XPS elemental lineshape (2p) is an indication of a unique
oxide species. However, in most cases, the unknown surface oxide is a combination of
more than one species. As such, it becomes difficult to apply specific oxide species fits
within the 2p envelope and any type o f empirical calculations becomes unreliable.
Therefore it is necessary to devise one or more ways to identify each unique oxide from
the experimental spectra. In Figure 3-19, one approach was a qualitative visual
comparison o f peak shapes.

A number of possible oxide species for fitting of the Fe 2p3/2 envelope were investigated.
Likely Fe oxide species arising from the gas-phase oxidation of 1800, based on literature
[6-8, 16-18], included y-Fe203, a-Fe 2C>3, and Fe 3C>4. FeOOH species were ruled out as
they generally only appear during aqueous reactions; the experimental procedure
involved gas-phase oxidation.
From Figure 3-19, Fe 3C>4 can visually be ruled out as a major candidate for fitting. In the
case o f Fe 3C>4, the Fe 2p3/2 peak is very broad (~705-710 eV) because of the presence of
both Fe3+ and Fe2+ components [19]. The Fe 2p satellite peak is also found at a higher
binding energy for Fe 3C>4. Both y-Fe203 and a-Fe 2C>3 appear to be reasonable candidates
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for fitting of the experimental 2 p 3/2 as they are both more symmetric than the Fe3C>4.
Their 2p3/2 peaks also correspond to the 710.8 ±0.1 eV range for the experimental
spectrum. Although from Figure 2-20 it could be seen that the Fe 2p3/2 a-Fe 203 is slightly
asymmetric and also possesses a fine doublet structure occurring at approximately 710
eV. Both the experimental and y-Fe2C>3 did not possess these structures within their peak
shape.

Binding Energy (eV)

Binding Energy <eV)

Figure 3-19: A comparison of XPS high resolution Fe 2p spectra of the a.) experimental
oxide film 6 minute exposure, b.) air-fractured y-Fe203 reference, c.) air-fractured aFe 2C>3 reference, d.) FesCfr powder reference. The experimental spectrum corresponded
best qualitatively to the y-Fe 203 reference over the Fe 2p3/2.
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A second, less subjective method for comparing the peak shapes involves a subtraction of
each candidate peak shape from the experimental spectrum. The positions of Fe 2p
reference spectra were appropriately calibrated according to the accepted C Is standard
(284.8 eV) and subsequently subtracted from the experimental spectrum. Prior to
subtraction, intensities of reference spectra and the experimental spectrum were
standardized by metal signal removal, if necessary. Their residual or differential area
regions after subtraction were compared to assess
which reference best fit the experimental spectrum. A residual area closest to zero would
suggest the subtracted reference spectrum is a close match to the experimental spectrum.
Residual areas and % differences for the Fe 2p3/2 are presented in Table 3-6. From Table

Figure 3-20: An overlay comparison o f the Fe 2p spectra of y-Fe203 and a-Fe203
standards to the experimental Fe 2p (6 minute oxidation). The experimental spectrum
corresponded best qualitatively to the y-Fe 2C>3 standard over the Fe 2p. Noted differences
include an asymmetry and a fine doublet feature within the 2 p 3/2 present in the a-Fe 2C>3
standard Fe 2p but not within the experimental Fe 2p.
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3-6 it could be seen that Fe 3C>4 produced the largest % difference and a large negative
residual area. The large negative residual area was indicative of a Fe 2p3/2 that was very
large and broad in comparison, thus unfit for characterization of the experimental Fe
2p3/2. While the % difference post subtraction for y-Fe203 and a-Fe203 were
experimentally closer, y-Fe203 produced the lowest residual area. The greater difference
in residual area is likely the result o f the doublet
structure present within the Fe 2p3/2 of a-Fe 2C>3 as binding energies and FWHMs (peak
widths) for the Fe 2p3/2 of y-Fe2C>3 and a-Fe2C>3 are similar. Additionally, under normal
gas phase oxidation conditions, the presence of a-Fe 203 via oxidation of Fe metal
generally is not produced until above temperatures of 300°C [20], Below these
temperatures, oxidation o f Fe produces the y-Fe203 species as the thermodynamic
product. Thus y-Fe203 was selected as the best candidate oxide species for fitting of the
experimental Fe 2p and as the primary Fe oxide component of the oxide film. This
characterization agrees with the Raman spectroscopy data (see below) indicating the
presence of y-Fe2C>3 in the film.

Table 3-6: Residual areas and % differences for the spectral subtraction of Fe oxide standards from the 6 minute oxidation
experimental spectrum in order to determine appropriate characterization of the Fe oxide component of the film grown on 1800.
Species

Trial

Experimental Area

Residual Area

1

21155

404

2

18702

369

1

21155

849

2

18702

1132

1

21155

-3646

2

18702

-2163

RA, Small Grain
y-Fe203

a-Fe2Cb

Fe3C>4

* T able 3 -6 co n tin u e d o n n e x t p a g e

% Difference
from
Experimental

Average %
Difference

Subtracted Spectrum

S p e c ie s

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

19618

397

2.0

Os

Average %
Difference

S ubtracted Spectrum

SMC, Large
Grain
y-Fe203

1.75 ±0.36%
20523

298

1.5
740

a-Fe203

19618

869

7»

720

710

4.4
4.65 ± 0.35%

Fe3Û4

20523

1003

4.9

19618

-2562

13.1
13.3 ±0.2%

20523

-2738

13.4
740

770

720
I Energy (oVi

710

700
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Figure 3-21 contains the XPS Fe 2p3/2 high resolution spectra for 1800 coupons of both
origins aged over the prescribed time periods. From the 6 minute exposure (Figure
3-2la) the Fe 2p3/2 envelope contains a shoulder occurring at 708.6 ±0.1 eV that was not
fit using the prescribed y-Fe203 peaks during trial multiplet fitting. This shoulder
structure virtually disappears after 30 minutes (Figure 3-2lb) and is not visible after 24
hours (Figure 3-2 lc) of oxidation. The presence of the shoulder was also confirmed via
spectral subtraction o f the primary constituent, y-Fe203 , over the oxidation period (see
Table 3-7). From Table 3-7, the shoulder had completely disappeared after 24 hours of
oxidation. It was likely that this structure was associated with a small Fe2+ component of
Fe 3Û 4 formed initially in the oxidation process [19] which would occur at a lower binding
energy than the Fe3+ species o f y-Fe2Û 3 (see Figure 3-19d). Additionally, a small portion
o f this shoulder after 6 minutes of oxidation would have represented a small contribution
from Fe metal. If any Fe 3Û4 were present within the Fe 2p3/2 at a diminished intensity the
remainder of the Fe 3Û4 multiplet peaks would occur at positions similar to those of y\

Fe 2Û 3. These factors would make peak fitting and quantitation difficult for a Fe3Û4
component within the Fe 2p3/2 envelope. The presence of Fe 3Û4 is plausible as it is a
precursor to y-Fe2Û 3. Additionally, y-Fe 2Û 3 exhibits a cubic crystal structure with cation
vacancies; this structure was a vestige o f the transition from the cubic inverse spinel
Fe 3Û 4 during careful low temperature oxidation:
2Fe3Û4 +

Vi

O2 — * 3(y-Fe2Û3)

Equation 3-1
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Sm all G rain (R A )

a.)

Large G rain (S M C )

5000

Binding Energy (eV)

Binding Energy (eV)

Figure 3-21: XPS high resolution Fe 2p3/2 spectra of small grain (RA) (Left) and large
grain (SMC) (R ight) 1800 coupon oxidations at 300°C and 1 atm after a.) 6 minutes, b.)
30 minutes, and c.) 24 hours of exposure. An Fe metal signal and a peak shoulder
associated with an Fe2+ component are present early in the oxidation process but
disappear with aging.

Table 3-7: Residual areas and % differences for the spectral subtraction of the y-Fe203 reference from all oxidation lengths to
determine the minimal Fe2+ contribution to the Fe 2p3/2. The initial residual after 6 minutes of oxidation represents both the Fe2+ and a
small Fe metal contribution. The Fe2+ shoulder is not visible after 24 hours of oxidation.
Oxidation
Length

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

1

21155

404

1.9

Average %
Difference

Subtracted Spectrum

RA, Small Grain
6 minutes

1.9 ±0.07%
2

18702

369

2.0
Binding Energy l»V>

30 minutes

1

24100

54

0.2
0.15 ±0.08%

2

22840

44

0.1
Binding Energy teV)

24 hours

1

24394

-15

0.06
0.05 ± 0.02%

2

25392

8

0.03
740

* T able 3 -7 co n tin u e d o n n e x t p a g e

710

720
Binding Energy ieV)

710

Os

Oxidation
Length

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

1

19618

397

2.0

Average %
Difference

Subtracted Spectrum

SMC, Large
Grain
6 minutes

1.8 ±0.36%
2

20523

298

1.5
Binding Energy («V i

30 minutes

1

19618

78

0.4
0.5 ±0.1%

24 hours

2

20523

123

0.6

1

19618

10

0.05
0.04 ±0.01%

2

20523

6

0.03
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Thus the structural changes that might have occurred between the conversion of Fe 3C>4 to
y-Fe203 were minimal. Further oxidation beyond 6 minutes results in an Fe oxide that is
predominantly y-Fe 2C>3 after 30 minutes and 24 hours of oxidation. From Figure 3-21
and Table 3-7, a high correlation (both qualitatively and quantitatively) could be seen
between the y-Fe203 reference spectrum and the experimental spectra, particularly after
24 hours of oxidation. While Table 3-7 demonstrates the feasibility of a y-Fe203 fit to the
experimental spectrum, it also demonstrated the disappearance of the low BE shoulder
over subsequent further oxidation. This was likely the result of any Fe2+ associated with
Fe 3C>4 becoming further oxidized to Fe3+. Additionally, based on the high proportion of
Fe (relative to the other primary constituents of the alloy) within the XPS survey spectra,
it was implied that the majority o f the oxide film was composed of y-Fe2C>3.

The metal peak signal, located at 706.9 eV, is still apparent after 6 minutes of oxidation.
After multiplet peak fitting of the 2p3/2 envelope it was determined the metal signal
represented less than 1% of the Fe 2p3/2, but becomes negligible upon further aging.
Depth calculations were determined using the Strohmeier equation, a formula that
incorporates metal and oxide IMFPs and densities to calculate oxide film thicknesses [21]
and defined by:

Equation 3-2 [21]
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where d is the depth, X is the IMFP, and I is the XPS peak area. IMFP for Fe metal and
Fe (III) oxide were calculated using the TPP-2M equation [22], The equation uses
individual stoichiometry coefficients, the number of valence electrons per molecule, and
the band gap energy of the compound to calculate IMFPs of compounds. The oxide film
depth was determined to be 6.8 nm using the Strohmeier method. This depth is close to
that measured by the SIMS profilometry and spectral image measurements where oxide
film depths after 6 minutes of oxidation were determined to be approximately 7-10 nm.
The lack of Fe metal signal after 6 minutes of oxidation suggests continuous oxide film
coverage of the surface and demonstrated film thicknesses greater than the 3A, depth
detection limit o f the instrument.
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3.2.3 A nalysis of the C r 2p3/2 Spectrum

The Cr 2 p 3/2 line structure, like that of its Fe analogue, consists of a number of subtle
features, most o f which are caused by multiplet splitting (see Chapter 2). A number of
potential candidates for fitting of the Cr 2 p 3/2 envelope were investigated (Figure 3-22).
Likely Cr oxide species arising from the gas-phase oxidation of 1800, speculated based on
the literature [6 - 8 , 16-18], included C n O i, and ternary oxides of the form FeCnCL, and
NÍCT2O4. Higher oxidation states of Cr have been observed but only for much higher
temperatures [23] or in aqueous environments. Distinguishing features for FeC^CL and
NiCr 2C>4 include a doublet feature within the Cr 2 p 3/2 envelope located at 576.8 eV and
575.7 eV respectively. This doublet feature was more prominent within NiCnCL due to
greater multiplet splitting. However, the experimental spectrum did not exhibit the same
high binding energy shoulder that was seen within the NiCnCL reference spectrum. The
higher binding energy region more resembled the C 1 2 O3 or the FeCnCL references.
Using the same spectral subtraction procedure as already outlined (see above),
correlations between Cr oxide standard spectra and the experimental spectrum were
determined. Cr oxide standards residual or differential area regions after subtraction were
compared to assess which standard best fit the experimental spectrum. Residual areas
and % differences for the Cr 2 p 3/2 are presented in Table 3-8.
Average residual areas and % difference for Q^Cto and NiCnCL were comparable after
spectral subtraction but CnCb presented the lowest deviation from the experimental
spectrum. Although
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Figure 3-22: A comparison o f XPS high resolution Cr 2p spectra of the a.) experimental
oxide film 6 minute exposure, b.) air-fractured CriCb reference, c.) NiCr2Û4 powder
reference, d.) FeC^Cri powder reference.

NiCnCri presented a negative residual this didn’t necessarily mean it wasn’t present. The
relatively small negative residual might suggest NiCnCri appearing at lower
concentrations. FeC^Cri produced the largest deviation from the experimental area. This
was explained by the larger doublet structure present in the experimental spectrum but
not in the FeCnCri reference. While spectral subtraction suggested that CnCb deviated
least from the experimental spectrum, it was still very likely that NiCnCri and FeC^Cri
appeared within the film at lower concentrations.

Table 3-8: Residual areas and % differences for the spectral subtraction of Cr oxide standards from the 6 minute oxidation
experimental spectrum in order to determine appropriate characterization of the Cr oxide component of the film grown on 1800.
Species

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

1

3252

-207

6.4

Average %
Difference

RA, Small Grain
Cr2Û3

6.7 ± 0.4%

NiCr20 4

2

2758

-191

6.9

1

3252

201

6.2
8.6 ±3.3%

F eC r2 0 4

2

2758

302

1

3252

561

2

2758

397

* T able 3 -8 co n tin u e d o n n ex t p a g e

10.9

Subtracted Spectrum

Species

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

2961

-225

7.6

Average %
Difference

SMC, Large
Grain
Cr20 3

1

6.9 ± 0.9%
2

NiCr20 4

1

2

FeCr20 4

1

2

3176

-202

2961

270

3176

248

2961

421

3176

530

6.3

Subtracted Spectrum
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High resolution experimental Cr 2p3/2 spectra best correlated (qualitatively and
quantitatively) with the CnCb and NiCnCU reference spectra (Figure 3-22). Trial fits of
further experimental Cr 2p3/2 envelopes suggested the combination of Cr203 and NiCr204
would fit the Cr 2p3/2 envelope well over the 572.5-580 eV BE range.
From further experimental spectra, after 6 minutes of oxidation (Figure 3-23a), CnCb and
minor NiCr 204 appear to be the dominant Cr oxide species, with NiCr204 having shifted
the BE of the peak to a slightly lower value and modifying the multiplet peak parameters
(a doublet lineshape). Both large (SMC) and small (RA) grained experimental Cr 2p3/2
spectra for 6 minutes (Figure 3-23a) best resemble the air-fractured CnCb reference with
a shoulder occurring at approximately 574 eV; a vacuum-fractured standard sample
results in no visible shoulder. No main peak is differentiable, however a doublet fine
structure, attributable to NiCr204, is visible within the Cr 2p3/2.
After 30 minutes of oxidation (Figure 3-23b) the Cr oxide remains a combination of
Cr203 and NiCr 204 based on qualitative observations and the spectral subtractions of the
experimental spectra after 6 minutes of oxidation. Spectral subtraction of experimental
Cr 2p3/2 spectra after 30 minutes became unfeasible due to the low signal to noise ratio.
Spectra were not well resolved enough to provide for tenable correlations between the
subtractions o f reference spectra from experimental spectra.
After 24 hours o f oxidation the resolution o f the 2p spectrum has been reduced to the
point where determination of the 2p3/2 envelope became quite difficult. The reduction in
resolution of the peak made it difficult to discern an appropriate characterization. Peak
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Binding Energy (eV)

Binding Energy (eV)

Figure 3-23: XPS high resolution Cr 2p3/2 spectra of small grain (RA) (Left) and large
grain (SMC) (Right) 1800 coupon oxidations at 300°C and 1 atm after a.) 6 minutes, b.)
30 minutes, and c.) 24 hours o f exposure. Resolution of the spectra deteriorate steadily
with increasing oxidation. This was due to the internal positioning of the Cr oxide within
the film.
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line shape resembles the basic structure o f CnCb but any subtle structural differences due
to multiplet splitting are not visible. This decrease in signal resolution was likely caused
by signal attenuation of the growing oxide film and not by charging effects as the Cr
oxide is located towards the interior o f the film. This was supported by SIMS profile data
demonstrating the majority of Cr oxide appearing below the Fe oxide component o f the
film.

Potential for a very minor contribution of the FeCr2C>4 or mixed NiFeCr2C>4 spinel species
in the Cr 2p spectrum is plausible based on trial peaking fitting within the Cr 2p3/2
envelope, the results from the spectral subtraction and the qualitative structure of its Cr
2p3/2 as compared to the experimental spectrum. Additionally, an overall lack of a well
defined Fe2+ peak and shoulder adjacent to the Fe metal peak within the Fe 2p3/2 envelope
after 6 minutes o f exposure suggests FeCnCTi could have only appeared in very minor
concentrations. The dominant y-Fe203 species made it difficult to detect such a minor
component as Fe 2Cr2C>4. The shoulder associated with Fe2+ in the Fe 2p3/2 spectra
represented only approximately 1-2% of the total area and had become negligible after 30
minutes o f oxidation as shown by spectral subtraction.
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3.2.4 Analysis of the Ni 2p3/2 Spectrum

As with the previous Fe and Cr 2p contributions, the Ni 2p3/2 peak structure presents a
unique lineshape, a result of multiplet interactions, that could assist in its characterization.
A number of potential candidates for characterization of the Ni 2p3/2 experimental
envelope were investigated (Figure 3-24). Likely Ni oxide species arising from the gas-

Figure 3-24: A comparison of XPS high resolution Ni 2p spectra of the a.) experimental
oxide film 6 minute exposure, b.) NiFe2C>4 powder reference, c.) NiCnCU powder
reference, d.) NiO powder reference.
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Figure 3-25: A closer examination o f a.) Experimental XPS Ni 2p3/2 with Ni metal
subtracted and b.) NiFe 2C>4 powder standard.

phase oxidation o f 1800, speculated based on the literature [6-8, 16-18], included NiO,
and ternary oxides of the form NiFe2C>4, and NiCtoCri. All reference spectra were
analogous in peak shape over the 850-870 eV BE range although NiCr204 resulted in a
narrower Ni 2p3/2 peak over the range of 851.8 - 864.8 eV, as compared to the
experimental spectrum. Additionally, NiCnCri contains a well resolved shoulder on the
low BE side of its 2p3/2 peak, associated with greater multiplet splitting. NiO contains a
doublet structural feature within its Ni 2p3/2 that is not present within the experimental
spectrum. NiFe204 has a structure analogous to NiO however it does not exhibit the
same doublet fine structure within its Ni 2p3/2. Figure 3-25 displays the experimental Ni
2p3/2 with the Ni metal components subtracted. Qualitatively, NiFe204 best resembled the
experimental spectrum as compared to other oxide reference species. From Figure 3-25,
a comparison o f the two main core line spectra peak intensities and areas for the highresolution experimental Ni 2p to work done by McIntyre, Zetaruk and Owen examining

Table 3-9: Residual areas and % differences for the spectral subtraction of Ni oxide standards from the 6 minute oxidation
experimental spectrum in order to determine appropriate characterization of the Ni oxide component of the film grown on 1800.
Species

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

1

5279

926

17.5

Average %
Difference

RA, Small Grain
N iF e 2 0 4

17 ±0.8%

NiCr20 4

2

6318

1034

16.4

1

5279

-1141

21.6
20 ± 1. 8%

NiO

2

6318

1204

19.1

1

5279

-1523

28.8
28 ± 1.9%

2

* T able 3 -9 co n tin u e d on n ex t p a g e

6318

1657

26.2

Subtracted Spectrum

00

O

Species

Trial

Experimental Area

Residual Area

% Difference
from
Experimental

1

5532

845

15.3

Average %
Difference

Subtracted Spectrum

SMC, Large
Grain
NiFe2C>4

16 ±0.9%

NiCr20 4

2

6461

1068

16.7

1

5532

-1456

26.3
23 ±5.4%

2

6461

-1202

18.6
865

860

Binding Energy ieV)

NiO

1

5532

-1772

32.0
31 ± 1.6%

2

6461

-1919

29.7

855
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the Ni 2p o f Ni oxide-Fe oxide mixtures [12], suggests the presence of a 1:2 ratio of
Ni:Fe (855.6 eV) that is consistent with the presence of the NiFe204 (855.6 eV).
Using the same spectral subtraction procedure as already outlined (see above),
correlations between Ni oxide reference spectra and the experimental spectrum were
determined. In addition, Ni metal was first subtracted from the experimental spectrum.
Ni oxide standards residual or differential area regions after subtraction were compared to
assess which standard best fit the experimental spectrum. Residual areas and %
differences for the Ni 2p3/2 are presented in Table 3-9.
From Table 3-9, NiO produced the largest % difference (-3 1 % ) when compared to the
experimental spectrum after subtraction. It was likely that NiO would not produce a good
fit of the Ni 2p3/2 envelope for the experimental spectrum as it was far too broad and
contained a doublet feature. However, neither o f the other two candidates (NiFe204 and
NiCr 204 ) produced similar % differences after subtraction from the experimental
spectrum. Thus it became difficult to discern that one was favoured for fitting of the Ni
2 p 3/2 or occurring at larger concentrations in proportion to the other. NiFe2C>4 and

NiCr 2C>4 produced similar residuals that were positive and negative, respectively.
Although, as previous discussed, the negative residual area might have been an indication
ofN iC r20 4 occurring at lower concentrations relative to NiFe 2C>4. From these results it
was likely that the film contained both NiFe204 and NiCr204 with NiCr204 occurring as a
minor component o f the Ni oxide. Additionally, subtraction of NiFe 2C>4 from the
experimental spectrum produced a residual qualitatively similar in peakshape to the NiO

Large G rain (SMC)

Intensity

£

Intensity

?

Intensity

Small G rain (RA)

Figure 3-26: XPS high resolution Ni 2p3/2 spectra o f small grain (RA) (Left) and large
grain (SMC) (Right) 1800 coupon oxidations at 300°C and 1 atm after a.) 6 minutes, b.)
30 minutes, and c.) 24 hours o f exposure.
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reference. This was investigated further by examining the experimental Ni 2p3/2 envelope
over greater exposures (Figure 3-26).
All Ni 2p3/2 high resolution XPS experimental spectra were assessed as containing
NiFe2C>4 with minor NiCnCXt (Figure 3-26) due to ambiguities associated with the
spectral subtraction method. As with Cr 2p high resolution spectra, due to deteriorating
signal to noise ratios as the oxidation lengths progressed, spectral subtraction became
difficult and unfeasible. Resolution of the Ni signal appeared to be the lowest within the
large grain material, particularly after 24 hours of oxidation (Figure 3-26c). As with Cr,
the poor resolution was likely due to signal attenuation.

Within both small and large grained materials after 6 minutes of oxidation (Figure 3-26a),
the Ni oxide component is primarily NiFe2C>4 with minor NiCr204 present. The Ni metal
peak occurring at 852.6 ± 0.2 eV is the most visible of all the transition metal peaks after
the 6 minute exposure and accounting for approximately 4% of the total Ni 2p3/2- The
presence of Ni metal is consistent with the relatively slow kinetics of the oxidation of Ni
that is limited by cation diffusion [24], Ni metal peaks are ambiguous after 6 minutes of
oxidation. Using the same depth calculation procedure as the Fe 2p3/2 (see above), the
Strohmeier equation was used to calculate the oxide film depth. The oxide film was
calculated as having a depth of 7.5 nm. This is similar to the Strohmeier calculation
using the Fe 2p metal signal which determined the oxide film depth to be 6.8 nm after 6
minutes o f oxidation. The Strohmeier depth calculation was likely more precise using the
Fe 2p metal signal as it incorporated only one IMFP calculated using the TPP-2M
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equation and was not an average o f IMFPs for multiple ternary oxides, as was the case
with the Ni 2p signal.
Oxidation for 30 minutes (Figure 3-26b) and 24 hours (Figure 3-26c) produce similar Ni
oxide film compositions. Peak lineshapes are analogous to the 6 minute experimental
spectra although signal resolutions had deteriorated slightly. NiFe 204 is present with
NiCr 204 appearing as a minor component.

3.2.5 Ram an Spectroscopic A nalysis of O xide Film

Raman spectra o f the films grown on the surface of 1800 after oxidation were also
collected (Figure 3-27). The use of Raman spectroscopy was necessary to complement
any oxidation state information obtained by XPS. The chemical identification of the Fe
oxide, a major component o f the film, was o f chief concern. Experimental spectra were
compared to ‘fingerprint’ or reference spectra in order to assign phonon and magnon
bands to a particular compound or structure within the oxide film.
Raman analysis of the RA material after 6 minute of oxidation shows bands occurring at
245 cm-1 and 621 c m 1(Figure 3-27a). Peak 1, occurring at ~245 c m 1, is characteristic of
y-Fe2C>3 [25-27]. Peak 2 occurring at 621 c m 1 is quite broad and also arises from y-Fe203
[25-27], The appearance of a large broad peak, Peak 3, centered around 1400 cm '1 is
observed. Maghaemite (y-Fe203 ) is an antiferromagnetic material and the collective spin
movement can be excited in a magnon. This very broad peak, seen at ~1400 c m 1, is
assigned to a two-magnon scattering which arises from the interaction of two magnons
created on anti-parallel close spin sites [26]. Thus we could distinguish maghaemite (y-
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Fe2C>3) from haematite (a-Fe 203 ) based upon the broadness of this particular magnon
structure in the Raman spectrum. a-Fe203 has a much narrower full-width half
maximum (FWHM) in comparison to y-Fe2C>3 (Figure 3-28), observed in the majority of
its peaks within the spectrum. This feature will be particularly useful for identification at
longer exposure lengths.
After an exposure length o f 30 minutes (Figure 3-27b) another peak, Peak 4, appears at ~
450 cm *1 that is further indicative o f y-Fe 2C>3. Literature Raman spectra for Q 2O3 do not
demonstrate any peaks within this region (Figure 3-29). Peak 2 present at -620 cm ' 1 is

Figure 3-27: Raman Spectra of 1800 alloy material exposed to 1% O2, 1 atm and 300°C:
a.) small grain material (RA); 6 minute exposure, b.) small grain material (RA); 30
minute exposure, c.) small grain material (RA); 24 hour exposure, d.) large grain material
(SMC); 24 hour exposure. Peaks within the experimental spectra are consistent with yFe203 reference spectra. Peaks from other oxide species were not present.
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much sharper and defined and is consistent with the literature values for an Fe2C>3 oxide
species. Its FWHM is considerably large suggesting that the peak was indicative of the
gamma conformation. This large FWHM and fine doublet structure within the peak also
further distinguished this peak from one o f Cr2C>3 (Figure 3-29), FeO or Fe 3C>4 (Figure
3-28). The broad peak centered around 1400 c m 1 which began to appear in the 6 minute
exposure is now more well defined. It became better resolved and a less intense doublet
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Figure 3-28: Literature reference Raman spectra using a Renishaw Raman imaging
microscope with a He-Ne laser operating below 0.7 mW of a.) a-Fe 2Û 3 (mineral) b.) yFe 2Û 3 (mineral) c.) Fe3Û4 (mineral) d.) FeO (mineral) [26]. These ‘fingerprint’ spectra
can be compared to experimental spectra in order to determine unknown compounds.

Raman Shift

Figure 3-29: Literature reference Raman spectrum of Cr203 film using a Renishaw
Raman imaging microscope with a He-Ne laser, analyzed under different laser fluences
[28]. This ‘fingerprint’ spectrum can be compared to experimental spectra in order to
determine unknown compounds.
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appeared at -1500 c m 1. This magnon peak is further indicative of a y-Fe203 species
being present. This peak differs qualitatively from that for a-Fe2C>3 because the alpha
conformation of the oxide exhibits a very sharp defined peak while the gamma
conformation of the oxide results in a broad peak with a much greater FWHM.
After 24 hours (Figure 3-27c & d) we see relatively no change to the structure of the
bands arising from the y-Fe203 , although Peak 1 was no longer visible. The intensity of
this band has decreased in its relative intensity. Intensity of phonon bands can be related
to film thickness by:
I = Io / (2a) a (1 - e_2ah)

Equation 3-3 [29]

where I and Io are the intensity of the scattered and incident light, respectively, a
represents the absorption coefficient and h is the scale thickness. The parameter a is
proportional to the Raman cross-section for the particular mode of the oxide film. This
suggests that an inverse proportionality exists between the intensity of scattered light to
the film thickness.
Based on the Raman data results, it is only clear that there is only one major component,
y-Fe2C>3, in the oxide film within the detection limits o f the instrument. We expect to see
at least 7 phonon bands for y-Fe203 [25-27] and another 5 potentially for C^Cb [28,29]
over the 100 - 2000 c n r1 scale; however they are not all visible. The lack o f CtoCb
phonon bands was further indicative of the Cr oxide species presence below the surface
of the film and beyond the depth analysis capabilities of this instrument. This finding
agreed with SIMS depth profile and XPS survey spectra indications that the majority of
the Cr oxide component o f the film is located below the Fe oxide component. Raman
spectroscopy was only able to resolve the upper surface regions of the oxide film which
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were predominated by an Fe oxide component. While the possibility o f CnCfi within the
film is likely, the 2 main characteristic phonon peaks that should have been observed at
—550 and 700 c m 1 within the spectra might have appeared at diminished intensities (due
to the analysis depth of the instrument) and been obscured by the more intense and
broader peaks of y-Fe203. The overall broadness and lack o f fine band structure were
most likely associated with a relatively amorphous, possibly defective, oxide being
present on the surface.
The detection o f y-Fe203 as a primary component of the oxide film was further confirmed
by Raman spectroscopy, accompanying the results from the spectral subtraction and high
resolution fitting o f the XPS Fe 2p3/2 spectrum. According to XPS results, y-Fe203
accounted for approximately 85% o f the oxide in the near-surface region of the film in
some specimens. The lack o f Cr oxide detected within the Raman spectra of all
specimens was not surprising given its internal positioning within the oxide layer strata
and the low sensitivity o f the Raman instrument.
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3.2.6 R eproducibility of the O xide Film

Reproducibility of an oxide film is an important factor concerned with the growth of
protective films. Chemical reproducibility at the experimentation level ultimately leads
to the feasibility of macro-scale industrial manufacture of protective oxide films for
commercial use.
A high level of reproducibility within the oxide film grown on both types of 1800 can be
seen by the high resolution XPS spectra obtained (see Figure 3-30). The oxide
composition is very reproducible, not only for multiple exposures of a given sample but
also very reproducible for different samples including those from different types of Alloy
800 used. This was observed within all high resolution spectra o f Fe 2p, Cr 2p, Ni 2p,
and O Is. From Figure 3-30 it can be seen that spectra from separate oxidation
experiments involving the same material of the same lot (RA) and material of a different
lot (SMC) have quantitatively and qualitatively identical Fe 2p spectra. Binding energy
positions for the Fe 2p3/2 and Fe 2pi/2 are identical, without calibration, as are positions
for the Fe 2p satellite peak (which can also be effected by the background).
When comparing the Raman spectra o f oxides on the Rolled Alloys material to those on
the Special Metals material, there are no apparent differences between spectra at any
exposure length. Figure 3-31 displays Raman spectra for a 24 hour exposure length for
both materials.
The lack of difference in oxide composition was expected as overall elemental
composition within the separate alloy materials were analogous. This corroborates with
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Binding Energy (eV )
Figure 3-30: High resolution XPS Fe 2p spectra from separate experiments o f 1800
coupons oxidized for 30 minutes to demonstrate reproducibility within the oxide film: a.)
RA material b.) RA material c.) SMC material.

Figure 3-31: Raman Spectra of 1800 alloy material exposed to oxidized for 24 hours to
demonstrate reproducibility within the oxide film: a.) RA material b.) SMC material.
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the interpretations from the high-resolution XPS spectra obtained. As demonstrated from
differing grain size produce chemically analogous oxide films.

3.2.7 Chem ical Effects of Indentation

Previous literature has shown that a certain amount o f cold work applied to a surface of
an alloy can effect its properties. It has been demonstrated, by Scanning Tunneling
Microscopy (STM) and interference microscopy, that applying cold work in the form o f a
scratch has shown an increase in metal signal and diffusion in the vicinity of the scratch
[30,31]. It has also been shown that cold working and abrasion of a surface can effect Fe
cation migration during the oxidation process [12]. This has the potential to produce
oxide species that are perhaps not typical on the surface of a metal alloy under native and
experimental conditions. It also has the potential to alter oxidation kinetics. Other
literature citing the effect o f cold work on the oxidation of 1800 involved mechanical cold
working (shot-peening) of a larger surface area, producing beneficial results in the form
of a more protective oxide film [32],
After preparation (see Chapter 2) and subsequent oxidation for up to 24 hours, it has been
demonstrated through XPS that there has been little chemical or compositional change
effected on the surface o f the 1800 in the regions of interest surrounding the indents; this
is shown within the Ni 2p, Fe 2p3/2 and Cr 2p3/2 in Figure 3-32. Despite what the latter
literature states about the effect o f cold work, no substantial chemical difference could be
seen on the surface o f the 1800 in the vicinity of the cold work after emplacement of a 30
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Binding Energy (eV)

Figure 3-32: A comparison of XPS high resolution spectra of a.) Cr 2p, b.) Fe 2p3/2 and
c.) Ni 2p3/2 for i.) unindented and ii.) indented RA sample of 1800 oxidized for 30
minutes. A lack o f chemical difference is demonstrated between indented and unindented
samples.
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(am indent. The electronic structure of all high resolution spectra remain virtually
identical. Peak ratios within the envelope of the Ni 2p, Fe 2p3/2, and Cr 2p3/2 remained
greatly unchanged over the duration o f oxidation. Additionally, there is no increase in
metal signal seen in any of the 2 p 3/2 spectra.
The continuity between chemical analysis o f unindented and indented regions of interest
is supported by previous SIMS spectral images o f the areas surrounding the indentations.
A lack o f physical change in the surface or distribution within the oxide was reported.
The oxide scale appeared to be relatively uninterrupted by the presence o f the
indentation. This would suggest that little chemical difference should have been
observed.
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Chapter 4 - Discussion and Conclusions

A comprehensive assessment of the oxide grown on Incoloy 800 after 24 hours of
oxidation at 300°C and 1 atm in 1% O 2 has enhanced the understanding of the oxide films
composition and growth. Surface morphology, chemical composition, oxide film
thicknesses and kinetics have all been studied using a variety of analytical techniques.
Although only two primary surface analysis techniques, XPS and ToF-SIMS, were
employed, other secondary techniques such as SEM-EDX, Raman spectroscopy and
profilometry also contributed to further understanding of the oxide film. O f the primary
analysis methods, SIMS provided physical information regarding specific oxide
component spatial distribution both laterally and as a function of depth. This was
achieved by monitoring specific transition metal negative and positive ions and their
respective oxide fragment ions. Additionally, SIMS provided empirical data pertaining to
the depth o f the oxide scales and thicknesses of specific oxide components providing for
a basic understanding of the kinetics o f the film growth. XPS results complemented these
results by providing exacting speciation of specific oxide components occurring within
the oxide film; this was particularly important because SIMS does not provide definitive
chemical information in regards to the oxide films grown.
During the course o f experimentation, a variety of new approaches, with respect to the
primary analytical techniques, have been applied. Experimental methods pertaining to
depth determination post-SIMS profiling were explored. An XPS data manipulation
technique involving spectral subtraction for transition metal oxide identification has been
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investigated. Although the technique o f profilometry associated with determining sputter
crater depth after SIMS analysis of oxide films was not a new technique [1], it is still not
a widely implemented method o f assessing oxide film depth or for deducing kinetics of
oxide growth. This work has shown that it appears to be a relatively accurate means for
doing so. Additionally, a technique involving analyzing XPS area residuals after
subtraction of transition metal oxide reference spectra from experimental spectra was
developed. This technique was relatively new and untested [1]. Standard fitting of
transition metal XPS 2p peak envelopes became unpractical due to the prevalence of
multiple oxide species o f the same transition metal, as well as ternary oxides, all o f which
presented similar chemical shifts and multiplet splitting. This analysis of residual areas
proved to be useful in differentiating primary oxide species from within XPS 2p3/2
spectra.

This discussion will concentrate on the distribution of individual components and
composition, the protectiveness of the film, implications of the kinetics of the films
growth, the presence and characteristics of specific structures within the film, and lastly
the effects of localized mechanical stress in a larger context. Further discussion will
address the usefulness of specific analytical techniques. Lastly, recommendations on
future experimental strategy and techniques will be presented.
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4.1 Discussion

After each oxidation process, an oxide of iron was determined to be the largest
component within the oxide film and was present at the gas-oxide interface and continued
throughout the film to depths of approximately 27-37 nm after 24 hours of oxidation.
The next most concentrated component, a chromium oxide component, occurs in greater
concentrations at the oxide-metal interface, although a smaller concentration is present
and found throughout the oxide. A nickel oxide component is distributed throughout the
entire oxide film.
The prevalence and placement of individual oxide components within the aged film is
peculiar. Cr oxide was expected to be apparent in greater quantities and to be located in
the surface and near-surface region of the film as it is the more thermodynamically
favourable (CnCb, AHf = -1134.7 kJ/mol) relative to other potential oxide species (Fe203,
AHf = -825.5 kJ/mol; Fe30 4, AHf= - 1117.1 kJ/mol; NiO, AHf = -244.3 kJ/mol) [2]. It
was likely that Cr oxide predominated the surface region in the very early stages of
oxidation but the Fe oxide was more kinetically favoured, possibly due to a greater cation
mobility in the alloy matrix. The presence of a Cr oxide rich film, and not one that was
dominated by an Fe oxide component, in other studies was likely the result of Cr
diffusion that was enhanced by greater temperatures and longer exposures [3-8] not used
over the course of this experiment. Another explanation, by Greyling and Roux and by
Betz et al, suggests that with increasing oxidation time, any Cr diffusing through the
outer Fe oxide layer will reduce the Fe oxide in a reaction similar to:
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3FeO + 2Cr —> Cr203 + 3Fe [9,10]. Additionally, any Fe present within the oxide film
appeared within ternary oxides [3-8], Most previous gas-phase oxidation studies
presented oxide films grown at temperatures of 600°C or greater.
The two identifiable regions (Fe and Cr oxide) demonstrated by the SIMS profiles and
spectral images were relatively homogenous and continuous. While these two regions are
also shown to overlap, the Cr oxide components do show some regions of localized
concentration that do correlate with positioning of the Ni oxide component. As the Ni
oxide component was seen sporadically throughout the entire oxide film, it is possible
that these areas of correlation represented regions of growth of ternary oxides of Ni and
Cr. The scattered distribution o f the Ni oxide within the predominant Fe oxide
component is also suggestive of localized ternary oxides of Ni and Fe. The localized
growth of spinel oxides within the oxide film of 1800 is a common occurrence, but
spinels were generally shown to appear in the near surface region [3-8,11,12] and mostly
as a continuous lateral component, something not seen over the course of this experiment.

The mature oxide film grown on 1800 after 24 hours at 300°C and 1 atm in 1% O 2 was
characterized as being predominantly y-Fe2C>3 with smaller contributions of NiFe2C>4,
NiCr204 and Cr203 . The chemical composition of the oxide films varies from other
studies of oxidation within 1800 [3-8,11,12] where no y-Fe 203 is present, however, the
oxide structures that have been identified are those which were expected based on a
kinetic growth arrangement rather than a thermodynamic one.
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The presence o f y-Fe 2C>3, as confirmed by XPS, is slightly surprising based on the
literature produced within the 1800 community [3-8,11-14], Although some high
temperature studies demonstrate an Fe-rich oxide exterior within films grown, it is often
in the form of a spinel, FeCr204 , with the exception of a variable region of only a few nm
at the surface where the oxide is predominated by Fe exclusively in the form of a-Fe 203
(a species more stable than the spinel) or a non-stoichiometric Fe oxide. Despite this, the
presence o f the cubic y-Fe 2C>3 at 300°C can be readily explained. At the higher
temperatures cited in the literature it converts to the rhombohedral a-Fe 203 (560-650°C)
[15]. Most of these studies that witnessed a-Fe2Ü3 involved temperatures greater than the
300°C during the course o f this experimentation. Additionally the latter studies were not
interested in studying any type o f protective pre-treatment. During the course of
chemical analysis using XPS, the likely presence of Fe3Ü4 during the initial early stages
o f film growth (after 6 minutes) was noted. Both Fe304 and y-Fe 2C>3 exhibit an
analogous spinel crystal structure, however in y-Fe 2Ü 3 all iron cations are in the trivalent
state, with the charge neutrality of the cell guaranteed by the appearance o f cation
vacancies in the octahedral sites [15,16], The high resolution spectra for the Fe 2p3/2
were not fully fit for Fe3C>4 due to the limited quantities of Fe2+ present. However, the
presence o f this small Fe2+ component within the Fe 2p3/2 was identified by a spectral
subtraction technique. Its presence decreased after 30 minutes o f oxidation. The
presence o f Fe3C>4 in the literature is of significance as it is potentially a precursor to yFe 2C>3 that was seen as the primary oxide component of the film in this experiment.
Imaoka studied this transition on non-acicular particles and determined the transition
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occurred between 250-300°C [17]. Klimaszewski and Pietrzak demonstrated that the
transformation begins at 100°C and is complete at 250°C [18]. It is likely that any Fe3C>4
present during the initial 6 minutes of film growth will see gentle oxidation of Fe to the
3+ state in the form o f y-Fe203. The initial presence of Fe3C>4 and ultimate appearance of
y-Fe 2C>3 is also substantiated by the presence of the NiFe2C>4 spinel (see below).
It is widely accepted that 1800, as well as other Ni-Fe-Cr alloys, produce a homogenous
Cr-rich interior within its oxide film and is largely & 2O 3 [3-8,11-14], It is unlikely to
produce other Cr-oxide species due to the low-diffusivity of Cr (relative to Fe) coupled
with limited availability of diffused oxygen to the interior. Similar studies within other
analogous super stainless steels, particularly Inconel 600, show that growth of CnCb is
governed by the diffusion rate of the Cr+ cation; varying temperature and O2
concentration had negligible effects [19]. Moreover, this appears to be the case within
1800.

It is assumed that the interior C^Cb region is a protective one; Cr spinel is present

in minimal quantities and has a low relative growth rate compared to the Fe oxide
component of the film. Cr migration occurs via diffusion along grain boundaries and
potentially through the inclusions within the lattice structure. Thermodynamic stability
o f Cr2C>3 has been shown to be higher along grain boundaries than within the bulk of
particular grains [20]. However, no appreciable excessive amount of Cr was detected by
SIMS spectral images, post-oxidation, within those grain boundary regions on the surface
that would be indicative of this.
The presence of spinels such as FeCr204 andNiCnCU were potentially produced via
different mechanisms. While these spinels are generally produced through reaction with
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FeO and NiO, respectively, there is little evidence for these species appearing within the
oxide composition. Divalent Fe oxide does appear within the structure of FeaCU; but any
reaction with Cr cations would have to occur in the very early stages of oxidation before
further oxidation to Fe3+ occurs. Any signal from Fe2+ within the XPS Fe 2p3/2 spectrum
is negligible after 30 minutes o f oxidation. The presence of FeCr204 within the Fe 2p3/2
and Cr 2p3/2 envelope would also be difficult to detect due other more prevalent oxide
species in the film. Additionally, it has been shown that formation of FeCr204 is
produced by the counter-diffusion of Fe2+ into CnCb [21], something that is not likely
within this system.
The presence o f NiCr 2C>4 likely occurred through a more complex growth mechanism.
NiCr204 production is generally controlled by countercurrent diffusion of Cr3+ and Ni2+
[22], Evidence of some Ni and Cr oxide internal oxidation was detected within SIMS
depth spectral images. It was possible for internal oxidation of the CnCb interior layer.
The oxide layer penetrated a short distance into the alloy where it was converted, through
reaction with Ni2+ cations to NiCr 2C>4 upon incorporation into the growing scale [22]; this
might account for the countercurrent diffusion.
Although NiFe204 was discovered as the primary Ni-containing oxide within the growth
of the film, it occurred only sparsely within the Fe oxide region. The presence of the
NiFe204 is the product of substitution o f Ni2+ with Fe2+ in Fe3C>4 (the precursor y-Fe2C>3)
or through substitution in defective y-Fe2C>3 or cation vacancies within its structure
formed after the initial low temperature oxidation o f Fe3C>4 [23,24], The cation vacancies
in the ordered crystallographic lattice sites would be occupied by the Ni diffusing from
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the bulk of the alloy. Additionally, the incorporation of Ni within the Fe304 and y-Fe203
lattices could be appearing within a range o f stoichiometric and non-stoichiometric
compounds o f the form Nii-xFe2+x04, which all produce slightly different peak lineshapes
within the XPS spectra. Qualitatively, the experimental XPS spectra best resembled the
reference spectrum of NiFe 2C>4 but there were slight deviations in lineshape between the
two which might be accounted for by the latter explanation. Based on SIMS spectral
image observations, NiFe 2C>4 was only discovered in small amounts, relative to the other
Fe and Cr oxide components, distributed within the film. The low concentration of
NiFe204 within the film is controlled by the slow diffusivity of Ni cations [25]. The lack
o f presence of NiFe 2C>4 and other spinels in any considerable quantities is a good measure
of the stability within the oxide film. Spinels, generally, are not preferred within
protective oxide films as they are thermodynamically less stable and degrade faster [26],
and in some cases are structurally weaker and can cause spalling due to growth or stress
[27].

The oxide film was deemed to be protective in nature based on its morphology and
physical characteristics based on composition. A protective film is defined by its lack of
susceptibility to further oxidation based on its surface topography and the properties of its
primary components.
Surface morphology o f the oxide film was identified as being of nodular-type arrays
which seemed to increase in diameter with aging. Similar nodules, normally in large
arrays on oxide surfaces, have been frequently observed on other nickel and iron metal
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and alloy surfaces that have been oxidized at lower pressures and temperatures above
500°C [28,29], although they do not appear this densely and are much larger in diameter
by comparison. The type of oxidation witnessed here much more resembles a rough
island type o f oxide growth than it does an extrusion o f the substrate, as witnessed by
Rohnert et al [30], Atomic force microscopy (AFM) topographical surface images, from
Rohnert et al, can be seen after 48 hours o f exposure, in Figure 4 -la. This is also
evidenced by the minor lateral growth of the nodules with increasing oxidation length.
Fritscher et al (see Figure 4 -lb) and Polman et al also demonstrated extensive growth of
nodules 15-30 um in diameter in colony-like arrangements on 1800 under much higher
temperature gas-phase oxidation (850°C and 900°C, respectively), although little or no
nodule growth was observed while employing water-vapour oxidation procedures
[31,32], This growth is not attributable to any type of extrusion-like mechanism but is
certainly indicative of a non-protective surface. It is more likely that the nodules were
perhaps formed by an uneven growth rate between grain boundaries and the bulk of the
grains. This ‘rough’ surface morphology could assist with the explanation of the
evolution of a thermodynamically less stable Fe oxide exterior of the film. It is probable
that dislocations and lattice steps within the initial surface morphology provide links for
cationic vacancies and thus better contact between metal and oxide phases is maintained
(at least initially), thus having an effect on the kinetics of oxide growth. It has also been
demonstrated that abrasion and cold work within the surface region assists with Fe
diffusion [33] in alloys; an abraded surface could be analogous to the morphology
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Figure 4-1: A demonstration of extreme nodule growth on 1800 under high temperature
conditions a.) AFM spectra by Rohnert et al depicting similar oxide morphology of 1800
coupons exposed for 48 hours at 620°C and 1 atm [30]. b.) SEM images by Fritscher et al
demonstrating the oxide nodule arrays on the surface o f 1800 coupons after 100 hours at
850°C and 1 atm [31].

present on the surface of the film. Additionally, stresses will inherently be induced within
the surface region based on the uneven ‘nodule’ type growth. These two factors coupled
together may assist in the explanation of the presence o f a Fe-rich, kinetically favoured,
exterior of the oxide film.
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As stated, the appearance of any nodule-type or rough structure on a surface can be an
indication o f growth o f a non-protective oxide film. Their growth on the surface of the
oxide, in the case of this experiment, cannot be explained by a metal extrusion model, nor
by a phase inhomogeneity present near the surface o f the film. The coverage of the
nodules is far too uniform and close-packed in this case, where the latter explanations
present nodules at intervals that are far more distanced. It is likely that the oxide nodules
are simply related to the surface morphology of the oxide film and are less to do with an
unconventional oxidation or metal extrusion mechanism. Provided longer oxidation
times at lower temperatures than that of Fritscher and Polman, it is probable that a more
protective film would arise given the trend seen in the experimental SEM images. With
increasing time, the individual nodules grow larger. It was possible that smaller island
type growths would combine to produce a less microscopically-rough surface film under
controlled conditions.
Rate of oxidation and tendency of the film to protect the metal from further oxidation are
often related to the relative volumes and densities of metal and subsequent oxide. The
ratio of these volumes, termed the Pilling-Bedworth ratio, may be determined by the
following expression
[34]:
P-B ratio =

^MA m po

Equation 4-1 [34]

where Ao is the molecular weight of the oxide, A m is the atomic weight of the metal, and
po and pM are the oxide and metal densities, respectively. For metals having Pilling-
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Bedworth (P-B) ratios less than unity, the oxide film tends to be porous and unprotective.
If the ratio is greater than unity, compressive stresses result; in extreme cases where ratios
are between 2-3, the oxide film can crack or spall exposing the unprotected metal surface.
It should be noted that protective coatings normally form for metals having P-B ratios
between 1 and 2. P-B ratios determined for the major components for the experimental
oxide film are: V-Fe2Û3, 1.07; Q-2O3, 1.99. P-B ratios were not determined for spinel
components due to their low concentrations within the film. It can be seen that the films
primary component, y-Fe 203 , produces a favourable P-B ratio which is near unity.
Despite a high P-B ratio for O 2O 3, owing to its high density, it is still considered to be a
protective oxide [34]. It is suggested that the oxide film produced after oxidation of
Incoloy 800 at 300°C and 1 atm for 24 hours in 1% O2 is a protective surface coating
based on P-B ratios.

A kinetic model has been established for the film growth between 6 minutes and 24 hours
o f oxidation at 300°C, 1 atm and 1% oxygen. A direct logarithmic relationship was
observed.
Oxide film thickness data obtained via ToF-SIMS sputtering and subsequent profiling
was plotted against oxidation time in order to determine the kinetics of the reaction.
Fittings for parabolic, inverse logarithmic and direct logarithmic were applied to the data
and correlation coefficients (R2) were compared for each o f the plots. The direct
logarithmic function provided the most favourable correlation coefficient for both lots of
the 1800 material (see Figure 4-2).
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Logarithmic oxidation kinetics are described as an initial period of extremely rapid
oxidation followed by a virtual cessation o f reaction, and a stable oxide film is formed.
Logarithmic growth implies a critical layer thickness above which the increase in layer
thickness with time is so slight that it is practically unobservable. The logarithmic rate
law is described as:
X = K In ( at + 1) + Xo

Equation 4-2

where X is the film thickness after time t, and K, a, and Xo are constants. Logarithmic
kinetics have been shown to result from rate controlling steps including electron
tunneling, thermionic emission or from initial chemisorption of O 2 [35],
Logarithmic kinetics have also been explained through models assessing mechanical
change within the growing film [35], Additionally, as discussed in Chapter 1, logarithmic
kinetics account for a self-limiting type of oxide growth necessary for protective films.
This is agreeable with the literature for low temperature oxidation; an initial extremely
rapid growth period followed by a slow to negligible growth period [35], This is based
on the hypothesis that initially a strong field is set up in the oxide film due to contact
potential difference between the metal and adsorbed oxygen (which is temperature
independent). As the oxide film becomes thicker it is more difficult for electrons to
tunnel through the film and growth tapers off.
Conventionally, an input of higher temperatures would produce lower activation energies,
however the temperature used during the course of this experiment appears to be too
minimal to encourage further extensive growth of the film after longer exposures. Most
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Figure 4-2: Depth of sputter crater (film thickness, nm) versus log o f time (oxidation
length, min) displaying direct logarithmic oxidation kinetics within 1800 at 1 atm and
300°C over 24 hours. Correlation coefficients were optimized for a direct logarithmic
relationship for oxide film growth in 1800 materials of both origins.

literature concerning oxidation in Incoloy 800 cites oxidation at much greater
temperatures which leads to a lower activation energy and greater cation mobility; thus a
parabolic rate law is observed [7]. However, Hussain et al cited a direct logarithmic rate
law for oxide growth on I800H in air at 600°C. Based on the direct logarithmic kinetics
it is apparent that the film growth has reached a steady state or the growth rate is
negligible at 300°C after 24 hours. From a corrosion/oxidation resistance point of view,
the presence o f direct logarithmic rate laws at lower temperatures and parabolic rate laws
at higher temperatures is indicative of relatively slow oxidation kinetics and suitable
conditions for pre-treatment to reduce subsequent oxidation of the alloy. It is uncertain as
to whether further exposure of the oxide film to higher temperatures, an alternate pressure
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or oxidation cycling will induce a further growth or a change in kinetics. Despite these
findings, air grown films within samples o f the Fe-rich 1800 have typically shown
relatively thicker films compared to their higher Ni-based alloy cousins [19, 36]. Rohnert
et al [30] witnessed film thicknesses of 100-200 nm within samples of 1800 for
experiments lasting 24 h or longer at higher temperatures of 620°C, measured by
metallographic cross sections. Similarily, Walter et al reported film thicknesses of
approximately 250 nm for experiments lasting 24 hours at temperatures of 900°C [27].
Film thicknesses measured over the course of this experiment (approximately 50 nm after
24 hours o f oxidation at 300°C) are still comparable given a lowered temperature of
300°C within these experiments. As previously discussed, from the SIMS profiles and
spectral images it could be deduced that there is a partial overlap of Fe and Cr oxide
phases within the film. Analysis of the individual oxide phase thicknesses as a function
o f time demonstrates the Fe oxide phase growing at a higher rate than that of the Cr
oxide. If it assumed the Fe and Cr oxide phases are growing via a cationic mechanism
whereby ions migrate outwards towards the surface, the Fe appears to be migrating at a
faster rate than that of the Cr. Surface preparation and the initial morphology (nodule
growths) o f the oxide might have resulted in a thicker Fe oxide component of the film
than expected due to assisted ion migration via cationic vacancies [37]. This supports the
notion that Cr produces a thinner and more compact/dense oxide film relative to Fe. The
literature demonstrates in extreme cases, the Fe oxide component o f stainless steels
growing to the point of spalling, or breaking apart, at the surface given long exposure
lengths and higher temperatures [7], This extreme case was likely due to the presence of
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a highly defective, porous Fe oxide exterior that was produced via a combination of
higher temperatures and a kinetically favoured mechanism.

The presence of the TiC inclusions seen optically and through SEM and ToF-SIMS are
perhaps beneficial structures within the alloy’s matrix. Initial observations, even prior to
experimentation, showed the presence of inclusion-like structures on the surface of the
material. It was previously thought that these structures were o f no particular benefit or
detriment to the alloy from an oxidation standpoint. The presence of Ti carbide
inclusions have been demonstrated as improving the compressive hardness of an alloy
[38,39]. Although it was discovered that the inclusions contained predominantly Ti, it is
known that both A1 (also a component o f some variants of 1800) and Ti have a strong
affinity for oxygen and form very stable oxides, and their presence is expected to result in
the formation of adherent and stable oxide layers and reduce oxidation rates in some
alloys [40,41]. A1 and Ti (even only in a few tenths o f a percent) considerably improve
the oxidation characteristics of alloys such as 1800 and 1690, especially in the absence of
Mo, which induces spalling at extreme temperatures (~1200°C)[42]. It was demonstrated
through ToF-SIMS that Cr preferentially accumulated within these inclusions, but only in
the early stages of oxidation. The lack o f any evidence of localized Cr oxide within these
structures suggests the Ti was competing with Cr to favourably react with any oxygen
that has diffused from the surface. This was plausible as SIMS spectral images
demonstrated the presence of Ti oxide ions localized in the inclusion regions.
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Secondarily, this feature may assist the alloy by slowing further internal oxidation thus
creating a protective CnCb interior.
Another explanation would involve the presence of Cr carbides in low concentrations
relative to Ti in the inclusions. Cr carbides would be produced via conversion of Cr
oxide to a carbide species or dissolution o f Cr within the carbides during manufacturing
(likely the annealing process). It has been shown that conversion of chromium oxide
(Cr203 ) to chromium carbide (Cr3C2 and CnCs) occurs readily and depends upon carbon
activity and concentrations in a particular environment [43]. Conversion rates are
decidedly low yet are believed to be sufficient to destroy the protective nature of a Cr
oxide scale but only at elevated temperatures [43], Additionally, Klimenko et al
demonstrated the dissolution o f Cr in titanium carbide and subsequent conversion to
chromium carbides at annealing temperatures in Ti/Cr alloys within the range of this
experiment [44], The reaction with and substitution of TiC by chromium is not unlikely
as Cr possesses similar properties of Ti due to its proximity on the periodic table of
elements. The higher proportion of TiC is excepted as it is more thermodynamically
favoured than Cr carbide species (at low stoichiometries; TiC, AHf = -124.2 kJ/mol;
Cr3C2, AHf =-81.1 kJ/mol) [45]. The disappearance of any localized Cr accumulation
within the inclusion regions o f interest suggests that if any Cr carbides were formed they
were relatively unstable and were likely oxidized back to a Cr oxide species upon further
aging.
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Evidence for localized or increased oxidation activity was not detected within grain
boundary regions over the course of this experiment. As discussed in Chapter 1, grain
boundaries are often regions of increased oxidation activity such as diffusion/transport of
ions due to their high energy. SIMS images, even after 24 hours, did not detect a
localized accumulation of alloy constituents or greater incidence of oxidation. It was
likely that any type of channeling effect, visible in some o f the spectral images, would
have hampered any efforts to resolve the grain boundary regions sufficiently for
identification of structural changes. While diffusion in solid state materials usually
occurs normally via vacancy diffusion (diffusing cations migrate by way of vacancies in
the normal lattice position) or interstitial diffusion (diffusing cations migrate by way of
interstitial spaces in the normal lattice position), the presence of defects in the normal
lattice position o f the alloy is considerably higher within grain boundary regions. In most
cases of oxidative film growth, it is these defects that account for greater diffusive
mobility. Thus evidence for diffusion within grain boundaries was expected.

It cannot be concluded that minimal localized mechanical stresses have no effect on the
oxide structures or on the kinetics of oxide growth. As already mentioned, McIntyre et al
[37] and Caplan et al [33] showed, respectively, that abrasion and cold working of a
surface resulted in a change in film kinetics; particularly in the case where the alloy
contained Fe. Cold working of the surface will increase the appearance o f defects in the
metal/alloy. These defects can create uninhibited diffusion pathways for metal cations
resulting greater oxide film growth and in some cases, faster oxidation. During the
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course of this experimentation, no discernible concentration of any of the alloy’s principal
components was observed suggesting there is no preferential diffusion due to localized
defects, both macro- and microscopic. Characterization of the oxide film using XPS
yielded the same conclusions; there was no difference in the chemistry of the film
localized adjacent to the indentation. Langevoort et al also showed that cold working of
1800, via elongation, reduced oxidation resistance [46]. However, at temperatures above
840 K, rate controlling factors such as diffusion are lessened resulting in a negligible
change in kinetics. They suggested 1800 did not show any transformation of its structure
into martensites from the native austenite as a result of cold work. The transformation to
martensite sees the near perfect cubic structure o f austenite distorted by interstitial carbon
atoms that do not have time to diffuse out during displacive transformation. The resultant
structure is slightly longer in one dimension and slightly shorter in the other two
dimensions. The martensitic transformation can occur through temperature change as
well as applying stress to the material. This transition would see the microstructure
change from a face-centred cubic (FCC) crystal structure associated with the austenitic
1800, to the body-centred tetragonal (BCT) crystal structure of martensite which is less
dense and more likely to accommodate lattice diffusion. It is thus assumed that the
increased growth is attributed to increased diffusion as a result of defects in the surface
and not due to the crystal structure. Conversely, Tan et al [47] demonstrated that by
employing shot-peening on the surface of 1800 they were able to induce favourable
corrosion resistance. Shot-peening is a surface pre-treatment process where stainless
steel beads are bombarded upon a surface to induce stress related micro-structural
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changes, generally production of significantly smaller grain structure with the surface of
the material. The corrosion resistance witnessed was o f the form of a more compact film
that was predominantly Cr203 with minor spinels [47], Tan et al were also able to
produce considerably thinner oxide films during thermal cycling after this pre-treatment
was applied to 1800 samples [47].
The lack o f detectable results demonstrated by localized stress in the form of an indent in
the surface of 1800 might be explained by healing of the oxide film. Schutze et al
demonstrated that below a critical strain value in cracks applied to the surface of 1800, an
oxide film o f 1800 was able to repair itself in order to prevent internal corrosion [48],
This hypothesis might explain why there were no spatial abnormalities in the oxide film
detected by SIMS images in the vicinity o f the indentations.
Based on the evidence presented by previous studies it has been concluded that
insufficient stress (in the form o f a ~30 nm indent) was applied to the surface and was not
applied over a large enough area to induce the necessary micro-structural changes that
\

would produce compositional changes in the oxide film. The latter studies applied
mechanical stress to the entire surface or induced it within the entire experimental
sample.
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4.2 Recom mendations

4.2.1 A nalytical Techniques

Further experimentation within the realm o f 1800, given the timeframe of this
dissertation, would yield more comprehensive answers to some of the key questions
posed. The experimentation within this dissertation has not been exhaustive with respect
to deducing and confirming specific thermodynamic and kinetic growth mechanisms.
Additional experimentation involving Incoloy 800 is required in order to fully understand
the gas-phase oxidation processes occurring.

XPS

It was determined through the course of experimentation that XPS spectra can not
provide exacting quantification of the oxide phases present, except in the case of the Fe
oxide component after 6 minutes of oxidation. Quantification using QUASES(™) and the
Strohmeier equation did not seem feasible for all spectra as they rely on intensities and
attenuation lengths of ejected photoelectrons. Additionally, when dealing with a
multicomponent oxide film these attenuation lengths can vary greatly, thus reducing the
accuracy of the calculations o f oxide thicknesses.
Another potential problem would be the surface topography and uniformity of the oxide
film. Strohmeier assumes a uniform oxide film coverage. It appears the growth of the
oxide film begins as a type of island-nodule growth over the exposure lengths, based on
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the SEM images. Thus, a reliable calculation of film thickness using the Strohmeier
equation would not be achievable. This is supported by the XPS spectra where a slight
metal signal is visible within high resolution spectra after 6 minutes of oxidation; the film
should be sufficiently thick that a metal signal is not visible at this point unless there is
native metal within the oxide in some form. Also, SEM images after a 24 hour exposure
indicate that this ‘nodular’ type of growth is still predominating and a relatively smooth
oxide surface has not yet been established.
From a qualitative standpoint, there is very good agreement and consistency o f the
structures within the XPS spectra from region to region, within the same coupon and
between experimentally separate coupons, is very good. This is indicating that oxide
growth is o f uniform composition across the entire surface; it also suggests presence of a
uniform film thickness. Reproducibility o f the same oxide compositions in separate
experiments using the same sample lot of alloy is also very high, as shown in the
experimental section.
Minor spinel and inverse-spinel phases, which could be predicted based on the literature,
were not present in sufficient quantities to be detectable within the high resolution XPS
spectra. Minor phases o f FeCnCTt are predicted to be contained within the oxide film
(presumably located between the major Fe203 and CtoCb phases) after longer oxidations.
A minor phase o f the inverse spinel Fe3C>4 was also predicted based on some of the
characteristics o f the Fe 2p3/2 and from the mechanisms o f formation of the Fe oxide
component in the early stages of oxidation. However, it is impractical to fit any of these
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minor species into the high resolution spectra, specifically the Fe 2p3/2 envelope where
the majority o f the Fe oxide is of the form y-Fe 203 .
Due to the impracticalities of using an orthodox spectral fitting technique, associated with
unusual lineshapes and multiple components, a new spectral subtraction method was
applied and assessed. Other groups have used this technique as a means of determining
the reliability of their XPS fittings [1] but not as a means of characterization. The process
appears to a more definitive means of deducing plausible oxide species in a multivariate
system where the standard spectral fitting technique failed. Minimal or near-zero residual
areas after subtraction o f a qualitatively similar reference spectrum from the experimental
spectra is a fairly definitive means of identifying transition metal oxide species present
within a specific XPS 2p peak envelope. The possible presence of quaternary oxides as
well as non-stoichiometric binary and ternary oxides could possibly complicate this
method as it relies on use of reference spectra. Additionally, minor differences between
chemical shift and multiplet splitting in the latter compounds would produce near
identical XPS lineshapes.

ToF-SIM S/Profilom etry

The accuracy o f measurements comes into question when using SIMS sputter craters and
profilometry to measure film thicknesses, especially when dealing with thin films. Using
a technique similar to this experiment, Ignatova et al determined uncertainties of up to
30% in the depths measured [1]. After comparison to XPS film thickness calculations
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(from samples oxidized for 6 minutes) derived from the Strohmeier equation it was likely
that this group attained better accuracy. Film thicknesses obtained by profilometry were
accurate to within 1-2 nm of the calculated thicknesses from XPS. Sputtering has to be
highly controlled and done at a relatively slow rate with low energy primary ions in order
to develop the spatial resolution necessary to differentiate oxide phases within the film.
There is potential for further oxidation post sputtering, before the actual profilometry is
completed, although it is assessed as negligible. This can be an issue when studying
particularly thin films. Additionally, when dealing with a rough oxide surface (nodules)
there is a certain level o f error when taking profile measurements. A rough baseline must
be established and surface roughness should first be calibrated to impart a higher level of
accuracy given the film thicknesses are in the order of angstroms and nanometres.
Utilizing a more accurate instrument such as Atomic Force Microscopy (AFM) would
only further complicate this issue. A more reliable and less arbitrary means of calibrating
the film thicknesses obtained through these manual means to the ToF-SIMS profile must
be developed if accurate quantification is required. Regardless, a kinetic model has been
established for the film growth between 6 minutes and 24 hours of oxidation at 300°C, 1
atm and 1% O 2. Despite a great deal of variability within the profilometry technique,
using an empirical calculation such as the Strohmeier equation (from XPS results), a film
thickness calculation for 6 minutes of oxidation yielded a thickness that was within 1-2
nm of the measured SIMS results.
An uncertainty exists as to whether growth models could be established for selected
points on the surface, such as grain boundaries, over inclusions, or intra-granularly.
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Ultimately this process is limited first by the ability to identify those structures on the
sample surface during the sputtering process. The sputtering process has to be carefully
controlled and also a means o f calibration must be established when looking at profiles of
different structures within the alloy. More importantly, it is suggested that the roughness
o f the oxide film on the surface and the limited accuracy of the profilometry instrument
itself (not the SIMS instrument) play a much larger part in developing these models.

Ram an Spectroscopy

Raman information appears to be most important in the 6 - 3 0 minute exposure lengths
when coupled with the results from XPS during this period. Raman spectroscopy was
used as a complementary technique for XPS in order to substantiate the presence o f the
primary Fe oxide species. From the XPS spectra it is apparent there is little difference
between the oxides present at 30 minutes and 24 hours. However, a degree of ambiguity
did exist after the initial 6 minutes of oxidation. High resolution XPS spectra suggested
possible presence of an Fe3C>4. These species were not entirely visible in the Raman
spectra in either RA or SM alloy sample indicating that they were very minor substituents
within the oxide substrate. Even after subtraction of the background signal, structures
within the spectra were still somewhat ambiguous. Raman spectroscopy did not provide
any unique information regarding the structure or electronic properties o f the oxide film
grown but it did provide exacting evidence for the presence of Y-Fe2C>3. The
concentrations of some o f the minor oxide species present, along with the presence of a
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thin film might negate future use of this technique within this type of experiment. Use of
X-Ray Diffraction (XRD) in the future might yield better results with relatively short
aging periods and thin oxide film.

4.2.2 Future Experim entation

Micro-XPS mapping of the surface might prove useful in the fact that it could be used to
analyze regions surrounding the indentations that were made on the surface to test the
effect cold work has on the composition of the oxide film. The area of analysis using the
Kratos XPS is approximately 700 x 300 um2 thus rendering minute chemical changes in
the oxide composition around the indent as negligible; as a result they are not seen within
survey spectra and are masked within the high resolution spectra. The high spatial
resolution of the ToF-SIMS technique was sufficiently high enough to detect any physical
changes within the surface.

Further experimental strategy involving 1800 coupons segmented latitudinally, post
oxidation, in an attempt to better understand and reinforce positioning of the different
oxide phases within the films might be employed. TEM or SEM would be used for
analysis. This would strengthen data obtained from ToF-SIMS profilometry; a more
reliable placement o f the oxide phases, specifically the Ni oxide component, within the
film might be achieved.
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A series of standard weight gain measurements, typically used within oxidation
experiments, would provide a much more accurate means of obtaining kinetic data on the
growth of the oxide film present. Weight gain experiments are a very common and
accurate means o f developing kinetic rate expressions for oxide films grown. Most
weight gain measurements to determine oxidation kinetics involve much greater exposure
lengths, thus thicker oxide films. In the case of limited exposure lengths (6 minutes to 24
hours) and lower activation energies (a temperature of 300°C), a quartz crystal
microbalance would more than likely be required to measure weight gain due to the
relatively thin oxide films present.

Although the primary means of the experimentation was to determine composition of the
oxide films present, conducting experiments at limiting oxygen partial pressures and
temperatures would assist in ruling out various mechanisms relating to the oxidation
kinetics within the alloy. A greater understanding of rate-limiting diffusion of the alloy
components would be beneficial.

Lastly, an alternate, more aggressive means of inducing stress into the experimental
coupon would be suggested; application of varying levels of stress to the system would
be necessary. Different surface treatments, such as abrasion, would also be necessary.
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4.3 Conclusions

The following general conclusions have been made as a result o f the study o f oxidation of
Incoloy 800 at 300°C and 1 atm in 1% O2:

1. The oxide fdm grown on the surface of Incoloy 800 was multi-layered. The major
component of the fdm was detected as y-Fe 2C>3, located on the surface and in the near
surface regions. An small interior layer o f Cr203 was located in the vicinity of the
oxide-metal interface. Additional species of NiCr204 and NiFe204 were detected in
smaller quantities distributed throughout the entire fdm. The presence of FeCr204 after
24 hours o f oxidation in this study was unlikely.

2. The oxide fdm grown on the surface of Incoloy 800 was protective. The
demonstration of logarithmic oxidation kinetics was indicative of an oxide fdm that
experienced an initial fast growth period followed by slow to negligible growth. The
presence o f an interior CrcCb layer was characteristic of model protective oxide.
Additionally, Pilling-Bedworth ratios for y-Fe 203 and CtoCb, the fdms primary
components, were within the ideal range for a protective oxide fdm. Surface
morphology of the oxide fdm was not definitively suggestive o f a defective oxide
growth mechanism.
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3. The presence of TiC inclusions were beneficial to the alloy. Carbides incorporated
with an alloys microstructure can improve the compressive hardness of the material. It
was also suggested that titanium carbides, to a certain extent, slowed or prevented
internal oxidation via diffusion of oxygen.

4. Small deviations within Incoloy 800 grain structure have negligible effects on the
kinetics o f gas-phase oxidation and no effect on the compositions of the oxide films
that are evolved.

5. Studies on the application o f localized strain are inconclusive. No change in
composition or elemental distribution within the oxide film was witnessed within the
indented regions or regions adjacent to the indents.

154

References
1. Ignatova, V.A., Van Den Berghe, S., Van Dyck, S., Popok, V.N., Microscopy and
Microanalysis 12 (2006) 432-437
2. National Institute of Standards and Technology (NIST) Chemistry Webbook: Standard
Enthalpies o f Formation, http://webbook.nist.gov/
3. Koshelev, I.K., Paulikas, A.P., Beno, M., Jennings, G., Linton, J., Grimsditch, M.,
Uran, S., Veal, W., Oxidation of Metals 68 (2007) 37-51
4. Al-Meshari, A., Little, J., Oxidation o f Metals, 69 (2008) 109-118
5. Rohnert, D., Phillipp, F., Reuther, H., Weber, T., Wessel, E., Schutze, M., Oxidation of
Metals 68 (2007) 271-293
6. Yamawaki, M., Mito, M., Masayoshi, K., Journal of the Japan Institute of Metals 18
(1977) 567-573
7. Hussain, N., Shahid, K.A., Khan, I.H., Rahman, S., Oxidation of Metals 41 (1994)
251-269
8. Walter, M., Schutze, M., Rahmel, A., Oxidation of Metals 40 (1993) 37-63
9. Greyling, G.J., Roux, J.P., Corrosion Science 24 (1984) 675
10. Betz, G., Wehner, G.K., Toth, L., Hoshi, A., Journal of Applied Physics 45 (1974)
5312
11. Langevoort, J.C., Sutherland, I., Hanekamp, L.J., Gellings, P.J., Applied Surface
Science 28 (1987) 167-179
12. Langevoort, J.C., Hanekamp, L.J., Gellings, P.J., Applied Surface Science 28 (1987)
189-203
13. Wood, G.C., Oxidation of Metals, 2 (1970) 11-57
14. Wood, G.C., Stott, F.H., Materials Science and Technology 3 (1987) 519-530
15. Aronniemi, M., Lahtinen, J., Hautojarvi, P., Surface and Interface Analysis 36 (2004)
1004-1006
16. Grau-Crespo, R., Al-Baitai, A.Y., Saadoune, I., De Leeuw, N.H., Journal of Physics:
Condensed Matter 22 (2010) 1-7
17. Imaoka, Y., Hoshino, Y., Satou, M., Proceedings from the International Conference on
Ferrites, University of Tokyo Press (1971) 467
18. Klimaszewski, B., Pietrzak, J., Bulletin o f the Polish Academy of Sciences and
Mathematics 17 (1969) 51
19. McIntyre, N.S., Chan, T.C., Chen, C., Oxidation of Metals, 33 (1990) 457-479
20. Chattopadhyay, B., Wood, G.C., J. Electrochem. Soc. 117 (1970) 1163
21. Nagata, K., Nishiwaki, R., Nakamura, Y., Maruyama, T., Solid State Ionics 49 (1991)
161-166
22. Armijo, J.S., Douglass, D.L., Huggins, R.A., Journal of the Electrochemical Society:
Solid-State Science and Technology 120 (1973) 825-833
23. Yamaguchi, T., Kimura, T., Journal of the American Ceramics Society 59 (1976) 333
24. Gillot, B., Tyronomicz, J., Roussett, A., Journal of Materials Research Bulletin 10
(1975)775

155

25. Payne, B.P., Grosvenor, A.P., Biesinger, M.C., Kobe, B.A., McIntyre, N.S., Surface
and Interface Analysis 39 (2007) 582-592
26. Z. Zeng, K. Natesan, and V.A. Marconi, Oxidation of Metals 58 (2002) 147
27. Walter, M., Schutze, M., Rahmel, A., Oxidation of Metals 40 (1993) 37
28. Crouch, I.G., Scully, J.C., Oxidation o f Metals 15 (1981) 101
29. Kuroda, K., Labun, P.A., Welsch, G., Mitchell, T.E., Oxidation of Metals 19 (1983)
117
30. Rohnert, D., Phillipp, F., Reuther, H., Weber, T., Wessel, E., Schutze, M., Oxidation of
Metals 68 (2007) 271-293
31. Fritscher, K., Lee, Y.T., Oxidation o f Metals 32 (1989) 295-316
32. Polman, A., Fransen, T., Gellings, P.J., Oxidation of Metals 33 (1990) 135-155
33. Caplan, D., Cohen, M., Corrosion Science 6 (1966) 321
34. Pilling, N.B., Bedworth, R.E., Journal o f the Institute of Metals 29 (1923) 529-591
35. Cabrera, N., Mott, N.F., Reports on Progress in Physics, 12 (1948-1949) 163
36. Hussain, N., Shahid, K.A., Khan, I.H., Rahman, S., Oxidation of Metals 43 (1995)
363-378
37. McIntyre, N.S., Zetaruk, D.G., Owen, D., Applications of Surface Science 2 (1978)
55-73
38. Incoloy alloy 800H & HT specification sheet, Special Metals Corporation, http://
www.specialmetals.com
39. Patel, S.J., Journal o f the Minerals, Metals and Materials Society 58 (2006) 18-20
40. Rundel, G., McConnel, J., Oxidation o f Metals 36 (1991) 253
41. Shida, Y., Moroishi, T., Oxidation o f Metals 37 (1992) 327
42. Hussain, N., Shahid, K.A., Khan, I.H., Rahman, S., Oxidation o f Metals 43 (1995)
363
43. Chu, W.F., Rahmel, A., Oxidation o f Metals, 15 (1981) 331-336
44. Klimenko, V.N., Petrova, A.M., Radomysel’skii, I.D., Powder Metallurgy and Metal
Ceramics 20 (1981) 244-249
45. Dawson, W.M., Sale, F.R., Metallurgical Transactions A 8A (1977) 15-18
46. Langevoort, J.C., Fransen, T., Gellings, P.J., Oxidation of Metals, 21 (1984) 271
47. Tan, L., Ren, X., Sridharan, K., Allen, T.R., Corrosion Science 50 (2008) 2040-2046
48. Schutze, M., Oxidation of Metals 25 (1986) 409-421

Chapter 5
Appendices

157

Appendix 1 - Plog’s M odel

1.0 Introduction

The usefulness of secondary ion mass spectrometry (SIMS) and Plog’s model [1] to sense
the chemical state of transition metal oxides was evaluated. The model was originally
used to calculate ion yields but has since been adapted in an attempt to characterize the
chemical species on surfaces using raw spectra from SIMS [1-4]. Plog’s method uses the
relative intensities o f fragment ion species that are produced after an ion-sputtering
cascade event to identify the possible transition metal oxide species contained within a
surface film [1], This should be particularly useful for studies involving oxidation and
corrosion o f transition metals since current chemical analysis using SIMS provides no
reliable chemical state information. Previous groups (see below) have had some limited
success with Plog’s method in identifying chromium oxide species on an oxidized
surface. With recent advances in the type o f primary ions available to the SIMS
technique a new look at the use of Plog’s model seemed appropriate.
Plog et al originally developed a technique to calculate secondary ion yields from static
SIMS experiments [1], The dependence o f the secondary ion yield (S max Of Smax+) on the
formal valence of the metal in the emitted fragment ion (k) was found to be described by
a Gaussian curve[l]:
Smax-00 —Smax"exp[-(G_- k)2/2y2]
Smax+(k) = Smax+ exp[-(G+ - k)2/2y2]

(for negative fragments)
(for positive fragments)

Equation A l-1
Equation A l-2

where k = q + 2n (q= total charge of fragment, n= number of oxygen atoms in fragment)
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Figure A l-1: Plog parabolic function plotted as fragment valence (k) versus corrected
normalized intensity for all complex fragment ions of the form Me 3 0 y\

K is an empirical parameter to correlate the data of complex metal oxide ions of different
atomic composition, MexOy. The overall relationship is described in Figure Al-1 when
observing the parabolic function for all metal fragments of the form Me30n. All variables
can be derived from the parabolic function of fragment valence plotted as a function of
fragment intensity. G+A and Smax+/" represent the x and y component, respectively, of the
parabolic functions maxima. y+/' represents half o f the FWHM of the parabolic function.
Plog realized limited success with this method between experimental and formula based
secondary ion yields [1]. Variance within their Gaussian curves corresponded to ± 0.2 in
the G° value (G° = G+ + G' / 2) and to a factor of 2.5 for S values [1 ]. The group also
noted an importance o f these G parameters as potentially being useful to identify the
chemical states o f transition metals. Various Plog parameters for transition
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Table A l-1 : Various Plog parameters of some of the investigated metal oxides (Plog et al.
[1])
M etal

Smax

G

r

2.1

Y+
0.92

8 x 10-'

2.3

0.87

1.4 x 10-2

4.2

0.84

1.2 x 10°

1.0

1.15

7.5 x 10-2

4.6

1.05

Mn

3 x lo 2

3.0

1.02

Fe

1 x IQ 2

3.45

1.05

Smax+

G+

Ti

8 x 10-'

V
Cr

Table A l-2 : Plog’s parameters obtained in the study of various oxide fragment species
observed in CnCb and Cr03 positive and negative mass spectra with and without pre
sputtering (Aubriet. F. et al. [2]).
O xide
G+
No pre-sputtering
Cr203
1.25
<CKV'-)
0203
(Cr2Oy+/)
Cr03
(CrOy+/')
C r03

(Cr2Oy+/-)
Cr03
(CrOy+/)
Cr03
(Cr2Oy+/")

Smax+

G

r

Smax

1.27

128.8

3.76 ±0.07

2.7 ± 0.2

89.4 ± 4

1.69 ± 0.03 0.99 ± 0.04 0.079 ± 0.001 3.54 ± 0.02 1.37 ±0.03 3.22 ± 0.07
1.38

1.53

147.9

2.34 ±0.05 2.34 ±0.11 0.17 ±0.01

(Cr2Oy+/-)
Pre-sputtering
Cr203
1.22
(CrOy+/_)
0203

y+

1.27

1.45 ± 0.02 1.5 ± 0.4
1.56

2.01

130.9
0.28 ±0.01
145.4

2.12 ±0.041.85 ±0.07 0.51 ±0.02

4.76 ± 0.05 1.96 ±0.06

89.7 ± 2.3

5.18

1.17

28.72

3.79 ±0.07

2.7 ± 0.2

85 ± 4

3.53 ± 0.02 1.31 ±0.03

4.8 ±0.1

4.64 ± 0.04 1.93 ±0.05 147.3 ± 2.5
4.48

1.78

5.3
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metal oxides are presented in Table A l-1. Under ideal conditions, these values could
have been used to distinguish different transition metal oxides from one another, but not
different species of the same transition metal oxide.
Another group, Aubriet et al., had favorable results in their speciation experiments of
trivalent and hexavalent chromium oxides, CnCb and CrC>3 [2]. They determined that
sputtering had limited effects on the experiment and were able to identify two chemically
different chromium oxides using the Plogs parameters (Table A l-2). Aubriet et al. also
experimented extensively with vanadium oxides (V O , V2O3, V2O4 and V2O5) with limited
success employing Plog’s G parameter as a speciation method [2]. This group also
obtained G values for three different Fe oxide species; FeO, Fe203 and Fe304 (Table
A 1-3). However, they were unable to distinguish between FeO and Fe304 oxides. The
authors cite these difficulties as a result o f pollutants and/or the presence of a superficial
layer with a stoichiometry different from that o f the bulk [2],
As part of this current research we had proposed the use of Plog’s parameters, particularly
\

G+A, as a means of definitively identifying different Fe oxide species from raw static
SIMS spectra. The use of a Plog’s oriented imaging program developed using the Matlab
programming language was also investigated.

Table A l-3 : Pertinent criteria o f speciation for distinguishing iron oxides (Aubriet F. et
al. [2]).
Oxide

G- (FeO /)

G (Fe2Oy )

FeO

3.34

3.08

Fe3Û4

3.34

3.08

Fe2Û3

2.76

2.89
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1.1 Results and Discussion

Geological standards samples of magnetite (Fe3C>4) and haematite (FezCb) were first
crushed then mounted in Bakelite resin and mechanically polished to 0.05 pm grain size
with AI2O 3. Additionally, powder standards samples (99.999% pure, Alfa Aesar) were
pressed into indium foil (Alfa Aesar) for analysis. The instrument used was an ION-TOF
GmbH IV ToF-SIMS with ION-TOF Mass Spectra analysis software. An area of 400 x
400 pm2 on the samples was first sputter cleaned (unless otherwise specified) with Cs+
(3keV) then subjected to Bi+ and Bi3+ (25 keV) bombardment for analysis. An area of
200 x 200 pm2 was analyzed to avoid any edge effects associated with the sputter crater.
Positive and negative ion mass spectra were obtained and analyzed. Spectra were first
calibrated using H /+, CH /+, CH 2'/+, and CH 3'/+ reference peaks then appropriate Fe oxide
fragment peaks (FeO /+, FeC>2'/+, Fe03'/+, Fe04'/+) were selected and then converted to a
rastered image of the analyzed area. These individual oxide fragment peaks were finally
exported as binary image files (200 x 200 pm2 area; 128 x 128 pixels) which were
essentially matrices o f SIMS intensity values for each fragment peak. Binary image files
o f each fragment o f interest were then imported to Matlab v7.0 [5]. Intensity values from
each of the fragment matrices were used to construct a polynomial and its maximum
value was calculated giving a discrete value, or G-value, for each pixel on a new
combined matrix. Through iteration an average value over the entire matrix could be
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calculated for standards purposes or spatial mapping could be achieved on unknown
samples.

Plog’s model was first tested utilizing mounted geological samples of haematite (aFe 2C>3) and magnetite (Fe3C>4). This initial test was used to determine if the G-value
method could indeed be used to discern different oxidation states of Fe within iron
oxides, despite varying results from the literature [1-4]. Bi3+ and Bi+ ion sources were
used for analysis of positive and negative ion spectra. A summary of the G-values
obtained via the Matlab program are displayed in Table Al-4.

Initially from the spectrum o f each of the mono-atomic Fe oxide species (FeO, FeCh,
FeC>3, Fe04), the negative oxide fragment species of interest were far better resolved than
their positive counterparts; this alone aided in calibration and reduced error in selection of
the peak and in the final G-value calculation. The use of a Cs+ ion source also greatly
increased negative ion yield. Di-atomic Fe oxide species (Fe20, Fe2C>2, Fe2C>3, Fe2C>4)
were also initially tested. Their resolution in both the negative and positive spectra
proved difficult. This factor is related to ionization potential. The probability of detecting
a larger, more complex ion is lower than a smaller more fragmented ion. Also, the
potential for recombination of fragment ions after an initial ionization cascade and
ejection is high; this might have a negative result during analysis. For these reasons
mono-atomic Fe oxide ion species were used for subsequent Plog’s analyses.
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After analysis it was apparent that analysis utilizing the Bi3+ ion source in conjunction
with negative spectral fragments provided the best separation of G-values coupled with
the lowest
deviation around these values. From these G-values obtained it can be seen that they are
different and could potentially be used to chemically identify particular Fe oxides of
interest

Table A 1-4: Plogs G values calculated via Matlab utilizing positive and negative spectra
and a 25 KeV Bi3+ and Bi+ ion source for analysis.
Haematite
Magnetite
Source

Bi3+

Bi+

Bi3+

Bi+

Negative Spectrum

2.53 ± 0.03

2.04

2.64 ± 0.05

2.11

Positive Spectrum

1.32 ±0.16

1.63 ±0.17

Table A l-5 : G' values for Fe oxide powder standards pressed into indium foil analyzed
with a 25 keV Bi 3+ ion source.
E rro r
G- Value
Iro n O xide Standard
Fe3Û4

5.23

0.66

FeO

2.69

0.07

y-FeO(OH)

3.21

0.03

a-FeO(OH)

2.82

0.02

y-Fe203

3.14

0.02

a-Fe2Û3

2.81

0.02
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Figure A l-2: Partitioned standards scale o f Fe oxide species using G values calculated
using the Plog’s method along with the calculated uncertainty (from Table Al-5). yFeOOH and Fe 3Û4 produced the largest strata within the scale.

given a set o f oxide standards. Powder samples of a-Fe 2Cb, y-Fe203 , a-FeO(OH), yFeO(OH), FeO, Fe 3C>4 were obtained (Alfa Aesar) to be used as a set of standards. Upon
inspecting the G values for the various standards, differences could be recognized, even
in the y and a phases of FeO(OH) and Fe2C>3. Error between standards appeared to be
\

low enough to allow for suitable partitioning into a standard scale for the Fe oxide species
as seen in Figure A l-2.

The potential for Plogs model to be utilized for chemical spatial mapping of a surface was
also investigated. The latter geological samples o f magnetite and haematite were used to
initially test the effectiveness of the system to chemically identify a surface and its
features.
Characteristic mono-atomic Fe oxide fragment peaks (FeO, Fe02, Fe03, Fe04) were
calibrated from negative spectra and rastered over the 400 x 400 pm2 analysis area of
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both magnetite and haematite geological samples. Figure A 1-3 displays the total ion
SIMS image of the analysis area. Fe oxide fragment peak images were exported as
binary images and processed through the Matlab program and Figure A 1-4 displays the
derived Plog’s G value images of the geological haematite and magnetite analysis areas.
Based on the scale bar we can see that the coloured areas are relatively uniform in their
scale colour indicating homogeneity within the geological samples. The dark or black
areas indicate areas that are epoxy-based mounting material. Surface topography
features, such as a crack in the magnetite sample, are also preserved.

Further imaging testing was completed on a Fe coupon previously oxidized. A sample
that had been previously characterized was used to determine if Plog’s model could be
used, along with the above G values for spatially mapping of the distribution of iron
oxide species on a surface.

Figure A l-3: Negative total ion SIMS images obtained of a.) geological haematite and
b.) magnetite after 3 keV Cs+ sputter and analysis by 25 keV Bi3+ source.
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Figure A l-4: Negative mono-atomic Plog’s G-value images of geological a.) haematite
and b.) magnetite derived from raw SIMS image files. Structural features are still visible
within the images processed using the Matlab program.

The sample obtained had been exposed to water vapour at ~400 Pa and 24°C for 5 min
(dose ~9 x 108 L) and was stored under non-static conditions, exposed to the atmosphere

[6].
Field of view: 500.0 x 500.0 |jm2

tc: 12456

tc:63587

tc:122494

tc:56790

tc:21415

tc: 16107

tc: 19575

tc:38189

tc:30313

tc:18525971

Figure A l-5: Negative Fe oxide fragment images from previously oxidized Fe coupon,
~300 x 300 pm2 area, analyzed with Bi3+ 25 keV.
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Field of view: 301.7 x 301.8 pm2

Fe
tc:8744

FeO
tc:75292

Fe02
tc:208790

Fe03
tc:63855

Fe04
tc:13889

Fe20
tc:9280

Fe20 2
tc: 11120

Fe20 3
to: 30055

Fe20 4
tc: 23708

total ion
tc: 11412648

Figure A l-6: Negative Fe oxide fragment images from previously oxidized Fe coupon,
-300 x 300 pm2 area, sputter-cleaned with 3 keV Cs+, analyzed with Bi3+ 25 keV.

The Fe oxide sample’s surface was analyzed with a 25 keV Bi3+ ion source without any
pre-sputter cleaning with Cs+ (Figure A 1-5) and post sputter cleaning with a 3 keV Cs+
ion sputter for approximately 10 seconds (Figure Al-6).

Fragments analyzed were from the mono- (FeOn ) and di- (Fe20n~) atomic groups for
Plog’s imaging purposes. The imaging program was re-tooled to display individual Fe
oxide component images based on the previous standards data. It was determined that
utilizing a
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Figure A l-7: Plog’s negative mono-atomic image of an unsputtered Fe sample surface
(Figure A l-5). Analysis area is 500 x 500 [xm2. Scale bar displays G~ value based on
colour.

conglomerated image of all oxide components was too difficult to interpret (Figure Al-7).
Individual oxide components of the surface film are displayed as Plog’s images in Figure
A l-8. and A l-9. Images displayed are from the mono-atomic group of fragments. After
comparing both mono- and di- atomic fragment group images it was concluded that the
di- images aren’t as useful as the mono- images. Structural resolution is poor with di
atomic images and the predominant species demonstrated was not consistent with what
we’ve predicted, nor seen, from the previous Fe oxidation XPS results [6].
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From the Plog’s imaging it was determined that the major components of the oxide were
y-FeO(OH), FeO and a-Fe203. This is somewhat consistent with XPS spectra and
Quases™ data obtained previously for this Fe coupon [6]. XPS analysis showed a
prevalence o f FeO(OH) on the exterior of the film with an interior rich in Fe304; a

Figure A l-9: a.) FeO and b.) a-Fe203 G' Plog’s images of the unsputtered Fe oxide
surface.
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mixture o f the two oxides is located at the interface of the two [6], It is possible that the
Fe2+ Fe 3C>4 component further oxidized to a Fe3+ valence state while being stored thus
showing predominantly a Fe3+ oxide in the form of a-F e 203 .. Another interpretation
suggests that the high prevalence of the FeO component was indicative of a sputter
reduction mechanism during sputtering and analysis. Reduction would occur in the form
o f Fe3+ from the Fe 2C>3 or a portion of the Fe3C>4 in the oxide to Fe2+ in the form of FeO.

Before the model could be further assessed as a useful analysis tool of unknown Fe oxide
samples a number of potentially variable instrumental effects were investigated. There
has been evidence that sputtering of a surface can damage the surface sufficiently to
change experimental results; in the form o f sputter reduction mechanisms [7]. Damage
from the electron flood gun effects have been documented [8] and these may impart
differences in intensity/count ratios.
Lastly, the effects of variable mounting of the same Fe oxide compound (geological and
pure powders) were studied.

Table A l-6: G value effects after varying 3 keV Cs+ sputter lengths on a sample of
geological haematite (y-Fe203 ).
Error
G- Value
Time
No sputter

6.17

0.05

15 s

6.16

0.05

60s

6.16

0.06

120 s

6.17

0.05
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Selective sputtering and sputter reduction o f a surface can potentially occur outside of
static conditions on a SIMS [7]. This could be particularly frustrating when attempting to
identify different transition metal oxides o f differing valences. The effects of a 3 keV Cs+
pre-analysis
sputtering event o f a geological sample was investigated over varying lengths of time;
analysis was carried out using a 25 keV Bi3+ source. The results are displayed in Table
A 1-6. In general, sputtering of the surface with 3 keV Cs+ prior to analysis did not affect
the model. If sputter damaging effects do result from Cs+ sputtering it is likely they have
no effect on the G' value ratio as a whole. The Cs+ ion source at low energy, 3 keV, can be
used to preferentially increase negative ion intensities uniformly at different sputter
length.
Electron flood guns are often used in analytical devices to reduce surface charging of a
surface due to instrumental analysis effects. Effects of electron flood gun damage of
oxide surfaces are well documented by Gilmore et al [8], Gilmore suggests that electron
energies between 10-20 eV produce negligible damage to the oxide surface. The current
electron flood gun equipped on our ToF-SIMS instrument does not allow for direct tuning
o f electron energies, but does allow for variability in the current flux by altering Wehnelt
settings. The flood gun itself operates at 18 eV continuously.
Wehnelt settings o f 100, 110 and 130 V (high, medium and low respectively) were
utilized on a haematite powder sample area of 300 x 300 pm2. No discernible differences
in G'values were observed. In the case o f Fe oxides, charge neutralization does not have
to be consistent.
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Variable mounting o f the same Fe oxide compound (geological and pure powders) was
the last parameter tested. Presumably if the same compound is mounted using two
different methods (powder and geological) and is analyzed, variability should be at a
minimum. Samples of haematite and magnetite in powder form (Alfa Aesar) were
pressed into indium foil (99.9% pure, Alfa Aesar) and in geological form (mounted in
epoxy material) were analyzed using a 25 keV Bi3+ ion source. The results are tabulated
in Table A 1-7.
From Table A 1-7 we can see large variability in the G' values between geological samples
mounted in epoxy and pure powder samples pressed into indium foil. Haematite yields a
1.3 times difference while magnetite a 1.2 times difference when comparing mounting
methods. This is suggesting that the mounting of the Fe oxide sample does have a
detrimental effect on its G' value.
The effect of analytical ion bombardment energy was not studied. Ion energy of the Bi3+
was kept constant at 25 keV. Other groups have shown that an increase in ion
bombardment energy, specifically ion energy o f an Argon source operating at lower
energies than this present research, resulted in a proportional increase in the lattice
valence parameter (G+) for the surface components but reported a steady state for bulk G+
values [4].
The results of these trials to determine instrumental effects also brought into light the
variability of the G values between individual runs on the SIMS instrument. Pure
powder standard G- values are not consistent between separate runs nor are the same
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Table A l-7: Measuring effects of mounting; G values of geological and powder samples
of haematite and magnetite analyzed using a 25 keV Bi3+ ion source.
E rro r
G‘ Value
Sam ple
Haematite, geological

2.64

0.05

Haematite, pure powder

3.49

0.05

Magnetite, geological

2.53

0.13

Magnetite, pure powder

3.21

0.06

geological samples analyzed at differing times. This phenomenon and the reproducibility
o f the Plog’s method will be discussed in more detail.

The irreproducibility that appears to be inherent in our attempts to employ Plog’s method
may be a direct result o f detector insensitivity or what are called detector dead-time
effects. Detector insensitivity often manifests itself in the form o f significantly differing
isotopic ratios, compared to natural abundances, or the appearance of near-equal
intensities of all major species contained within an image [9,10]. The process begins
when secondary ions are produced during the SIMS process. These secondary ions are
extracted into a ToF mass spectrometer that discriminates ions based on their arrival
times at the detector at the end of the flight tube. The flight time is dependent upon the
ions’ mass-to-charge ratios, thus the mass can be inferred by calibration. A complete
mass spectrum is created by the addition o f signals from repeated ion pulses and a
spectral image of the surface can be collected by rastering the primary ion beam across
the sample. The detector used in this application is a called a time-to-digital converter;
the detection of a single ion causes the detector to become insensitive to subsequent ion
arrivals for a period of time, albeit a short one, and is termed ‘dead-time’ [10]. The result

from this dead-time is only the first ion to arrive at the detector registers a count
rendering subsequent near-simultaneous ion events invisible. This becomes a much
larger problem when counting rates are large, or when the probability of detecting an ion
at a particular mass is high [9,10].
Thus this problem of detector dead-time could very well be the cause of our inability to
re-create G-value standards despite having controlled conditions. The problem associated
with the use of iron oxide fragment ions as a means of creating a parabolic function to
determine the G-value, or maxima of the function, is analogous to the problem described
above with differing isotopic ratios. Also, the conditions are ideal for a high counting
rate situation, in that most of the ion species only differ slightly in mass (based on
addition or removal o f an oxygen atom).
As a result o f this irreproducibility, experimental strategy was re-worked to include more
experiments relevant to the topic of oxidation and kinetics of oxidation in Incoloy 800
rather than just a novel means o f characterization of this oxidation. Utilization of XPS as
a means o f identifying chemical state of the oxides filmed on 1800 was incorporated into
the experimental strategy.

175

References
1. Plog C., Wiedmann L., Benninghoven A., Surface Science 67 (1977) 565-580
2. Aubriet F., Poleunis C., Bertrand R, Journal of Mass Spectrometry 36 (2001) 641-651
3. Van Craen M.J., Adams F.C., Surface and Interface Analysis 5 (1983) 239-246
4. Cuynen E., Van Vaeck L., Van Espen P , Rapid Communications in Mass Spectrometry
13 (1999) 2287-2301
5. Matlab version 7.0; (C) Mathworks Inc. 2008
6. Grosvenor A.P., Kobe B.A., McIntyre N.S., Surface and Interface Analysis 36 (2004)
1637-1641
7. Mitchell D.F., Sproule G.I., Graham M.J., Surface and Interface Analysis 15 (1990)
487-497
8. Gilmore I.S., Seah M.P., Applied Surface Science 187 (2002) 89-100
9. Stephan T, Zehnpfenning J, Benninghoven A, Journal of Vacuum Science and
Technology A (Vacuum, Surfaces and Films) 12 (1994) 405
10. Keenan M.R., Smentkowski V.S., Ohlhausen J.A., Kotula P.G., Surface and Interface
Analysis 40 (2008) 97-106

176

Appendix 2 - M atlab Program Em ploying Plog’s M odel
function gvalueimage = tofsimsplog(b)

%
% Plog plot o f individual 256x256 ToF-SIMS images
% Will map image based on Plog's Parameter (G-) of the particular iron oxide
%

% enter number of images in images matrix (3rd number ie. 256x256x#) —sum of rest
and total ion image must be removed.
% data for one valence fragment(k)series only eg. F e lO l, F e l0 2 , F e l0 3 , F el04...
limited only by number of fragments that can be resolved
numberofimages = input('Number of Images in Dataset? (Sum of Rest and Total Ion
Image Must be Removed) ')
% enter number o f metal ions in valence fragment
mfg = input('Metal Stoichiometry in Valence Fragment(k) ? (1, 2, 3 etc.) ')
% unfold image matrix
uimage = reshape(b,256A2,numberofimages);
% calculate G value at each pixel (65536 pixels total)
count = 1;
while count <=65536
% extract M (mfg)01, M (mfg)02 ....M(mfg)0(numberofimages)
count2=l;
while count2 <= numberofimages
% calculate k value
k=((-1+(2*count2))/mfg);
% get intesity of pixel,image
intensityatpixel=uimage(count,count2);
% build matrix (k,intensityatpixel)
runningmatrix(count2,l)= k;
runningmatrix(count2,2) = intensity atpixel;
count2=count2+1;
end
% G value calculation for individual pixel (g)
% Gives polynomial expression for data points (k, intensityatpixel) in the
form
% c lx A3+c2xA2+c3x+c4 where function 1 = cl c2 c3 c4 [Array format]
functionl=polyfit(runningmatrix(:,l), runningmatrix(:,2), 3);
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% Solves for derivative o f function 1, based on the degree of the
polynomial
der = polyder(functionl);
% Prevents crash by assigning a value of zero to G if der = 0
if der <= 0
g=0;
else der ~= 0
% Finds roots in exponential form
rts = roots(der);
rrts = real(rts);
if rrts ~= rts
g=0;
else rrts = rts
% Evaluate y-component based on roots
findroot = polyval(functionl,rts);
% Find largest y-component
[X,i] = max(fmdroot);
% Removes negative y-component values (possible minimas)
if X < 0
g=0;
else X > 0
if rts(i) < 0
g=0;
else rts(i) > 0
g=rts(i);
end
end
end
end
% Add g value to g value image data
%gvalimage(count,l) = count
gvalimage(count,l) = g;
count=count+l;

% Refold corrected image matrix
gvalueimage = reshape(gvalimage,256,256);
maximum = max(gvalimage);
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% Various shades of the primary colours (hsv) will be used to indicate ranges for each
particular component(oxide/hydroxide)
% Pixels with G- values not within the set range will not be visible on the colour scale
pcolor(gvalueimage)
colormap(hot)
axis equal
axis off
% Magnetite
cmin= 0;
cmax= 3.4000;
caxis([cmin cmax])
% Hematite
%cmin= 2.5800;
%cmax= 2.6300;
%caxis([cmin cmax])

% Created by M. Edwards
% 2005

